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Abstract
Relativistic projectile fragmentation at 1 GeV per nucleon with doubly-magic 
282P b i26 on a 2.5 g/cm 2 thick 4605 target has been performed at GSI. Ions in the 
secondary beam ranging 107 < N  < 127 and 69 <  Z  <  81 were selected with the 
fragment separator, while identifying them simultaneously on an event-by-event basis 
through time-of-flight, magnetic rigidity, energy loss and position measurements. The 
selected ions were brought to  a halt in an ~  8 mm plastic stopper, positioned at the 
centre of the RISING 7 -ray spectrometer array. Photon emissions from metastable 
excited states of the stopped particles were observed for half-lives ~  10 ns —> 1 ms. 
Analysis of this investigation has made the first experimental measurement on two N  = 
126 nuclear species: 2?gPt and ^ I r .  These are the lightest N  =  126 nuclides measured 
to date. Also presented is the first information on excited states in another N  =  126 
nuclide, 2?gAu. The findings have been interpreted in terms of the independent single­
particle spherical shell model. In part, the model fails to reproduce the experimental 
findings, corrections to the parametrisation of the model are suggested. From the 
measured N  < 126 nuclei: 6 nuclear species have had states measured for the first time 
(199- 2^ I r ,  197,19gOs, 1?JW); another 7 have had excited states observed for the first time 
(204,292Au, 20gPt, 202Ir, 17eOs, 7^°Re, ^ T a ) ;  7 isomers are reported for the first time 
(204,205jjg ^ 20gAu, 197,17gPt, 7^7Ir, ^gOs); and repeat measurements on 17 previously 
reported isomers have been performed (203- 2ggHg, 279Au, 198,200_272P t, ^ I r ,  19gOs, 
191—194Rej 19gW, 478Ta). From these 47 observed isomers, isomeric ratio information 
has been measured in 34 cases.
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Chapter 1
M otivations and Aim s
1.1 Motivations: Nuclear Structure
One of the major goals of nuclear physics is the development of accurate theo­
retical predictions of the structure of nuclei. Shell closures provide excellent testing 
grounds for the behaviour of individual nucleons [1]. Microscopic predictions succeed 
due to the high purity of the wavefunctions in low-lying excited states. Additionally 
sudden increases in particle separation energies occur at closed shells, reducing the level 
density. These circumstances allow for realistic modelling in terms of single particles 
(holes) orbiting in mean fields. Experimentation is necessary in attaining information 
with which one may then test the shell model predictions and make corrections where 
the model fails.
1.2 Motivations: Projectile Fragmentation
The projectile fragmentation technique provides opportunities to observe nuclei 
far from stability [2], however the reaction is not deeply understood. Tests of the 
capabilities of fragmentation have been performed to establish population ratios of 
nucleon configurations in nuclei, and also to determine how much spin can be imparted 
on the outgoing fragments [3-5]. From this information the technique’s potential may 
be fully harnessed in future experimentation, opening avenues for wider nuclear research 
interests.
1
1.3 BROADER MOTIVATIONS: THE R-PROCESS AND SHELL QUENCHING 2
1.3 Broader Motivations: the r-process and Shell 
Quenching
There is astrophysical interest in studying the nucleus ^ T m ^ s  and lighter 
N  = 125 isotones as they are predicted to  be of particular importance during the 
r-process [6]. W ith modern technology these nuclei are experimentally out of reach 
(figure 1.1 shows how far ^ T m ^ s  lies from current measurements). This work ex­
tends physical knowledge at the neutron-rich end of the N  =  126 isotone. Although it 
offers no pertenant insight regarding the r-process, it does act as a technological step­
ping stone towards experimentally observing ^ T m ^ s  and other nuclei of astrophysical 
interest. Similarly this experiment also takes steps towards anticipated shell quenching 
effects far from stability, again current technology forbids the examination of the nuclei 
of most interest, but the current work builds a foundation for future studies.
1.4 Specific Aims of the Project
This work is to expand experimental information regarding neutron-rich N  =  126 
nuclei. Through the nuclear fragmentation reaction, 4-proton cold knockout of acceler­
ated 208Pb particles were to manufacture 204P ti26. The extent of experimental evidence 
on nuclei in the vicinity of 208Pb prior to March 2006 (i.e. before the experiment) are 
noted in figure 1.1. Spectroscopic information is presented as cited by the NNDC 
evaluated and unevaluated databases [7]. Each star indicates a previously reported 
isomer whose half-life is between 10 ns —» 1 ms, it is expected tha t these isomers would 
be detectable in the experiment described in the current work. No spectroscopic in­
formation has previously been reported regarding 204Pt. The 204P t nuclei populated 
in this experiment, once selected and identified, were to be observed by the RISING 
spectrometer. Expected metastable excitations in this nuclide were to give insight into 
single-particle behaviour. The experiment is capable of populating and ascertaining 
information on other nuclei in parallel to  204Pt. Isomers in these nuclei offer similar 
nuclear structure information. The experiment is also able to define isomeric ratios, 
allowing tests of theoretical calculations of fragmentation population capabilities. Re­
garding isomeric ratios, here the key measurement is on 206Hg, as from a theoretical 
perspective it involves a relatively simple 2-proton cold knockout reaction.
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Chapter 2 
Nuclear Theory
The independent-particle, spherical shell model approach to describe the struc­
ture of nuclei is the method best applied when considering heavy mass nuclei where only 
few valence nucleons are free to change their quantum state. When greater numbers 
of nucleons are involved in excitations, a microscopic description of nuclear behaviour 
breaks down. This is due to the complexities caused by the vast number of relevant 
interactions. The spherical nature of the modelling technique also breaks down in in­
stances of permanent, static deformation to the nucleus. Shape changes in the nuclear 
body introduce an angular dependence to wavefunctions.
The work presented in this thesis focuses on nuclei approaching the doubly magic 
system 208Pb, observing structural excitations of up to a few MeV above the ground 
state. In these cases only the surface particles or holes exhibit degrees of freedom, 
allowing them, and them only, to be used when defining the structure of excitations. 
Additionally, the close proximity to 208Pb of the nuclei studied in the present work 
makes a spherical approximation of nuclear shape valid. It should be noted tha t the 
independent particle model is designed to apply to nuclei with only a single particle 
(hole) added to the closed core [8]. For the nuclei examined in this work, the fur­
thest from 208 Pb suffer an unworkable break down in the spherical and single-particle 
approximation. Modelling of these nuclei needs additional or different considerations 
to account for their structure. The interpretation of this group of nuclei goes beyond 
the scope of this thesis. The independent single-particle spherical shell model is used 
to interpret the present findings. Before it can be explained and then applied, some 
foundations about nuclei are discussed.
4
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2.1 Observations of Nuclei W ithout a Model
Some simple observations regarding nuclei explain why an independent-particle 
spherical shell model is valid. The separation energy for nucleons can be as much 
as ~  10 MeV and the average kinetic energy of a nucleon can be expected to be 
~  25 MeV [9]. Their mass-energies are % 940 MeV/c2 and the lightest virtual ex­
change particles, tt mesons, have mass-energy % 137 MeV/c2 [9]. There is thus a sub­
stantial difference between particle mass-energies and the energy required to induce 
state-changing effects in a nucleus. This energy difference validates an approximation 
tha t nuclei are a collection of individual particles.
Observations have shown very clear interference patterns during scattering ex­
periments on nuclei [9]. The interference proves tha t at the very least, mean free paths 
of nucleons are comparable to the nuclear radius; in most cases they are greater. These 
observations enable a modelling assumption of independent particle motion within the 
nuclear matter.
All of the nucleons in the nucleus contribute to the resultant mean field in which 
they individually move. This mean field will be placed aside for the time being, it is ad­
dressed in section 2.2. Nucleon kinetic energy in the nucleus is such tha t {v/c)2 ~  1/10, 
allowing relativistic considerations to be neglected [10].
Characterisations of the nucleus’ individual particles can be made in terms of 
state symmetries. One example of this is nucleon symmetry, where each nucleon is 
deemed to be in a ‘proton’ or ‘neutron’ state. Treating protons and neutrons as states 
of the same particle is validated by isobaric symmetry, which is a special case of isospin 
symmetry. Isospin symmetry states tha t neutrons and protons are indistinguishable to 
the strong nuclear force. Isobaric symmetry categorises isospin symmetric nuclei into 
groups by their atomic mass [11].
Low energy pp and np scattering by Breit and Wigner [12] provided the first 
experimental evidence for isospin symmetry. In both types of scattering a near identical 
cross section is observed for the 1S channel after normalising for the Coulomb force. The 
1S channel refers to cases of anti-parallel intrinsic spin alignment of the nucleon pair. 
The result implies charge independence of the strong nuclear force and hence introduces 
this concept of nucleon symmetry. In the experiment cases of parallel alignment of spins 
were observed only in the np case, not the pp. This is due to Pauli exclusion [13], which
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forbids indistinguishable fermions with an identical set of quantum numbers to exist 
in the same quantum state at the same time. In the instance of Breit and Wigner’s 
scattering experiment Pauli’s principle forbids intrinsic spin alignment in pp scattering. 
This exclusion principle has a profound influence on nuclear composition, requiring all 
fermions to be anti-symmetrised.
2.1.1 Wave Functions
When treating a system as a collection of non-interacting single particles in quan­
tised motion, the resulting wave can be expressed as a linear product of single particle 
states. Here the term ‘motion’ does not mean, as in the classical sense, tha t particles 
move smoothly through space, but instead particles are annihilated at one locality while 
being simultaneously created in another. The quantum concept of locality is not only 
a spatial coordinate, it can extend to a full set of quantum numbers. By using a Slater 
determinant one is able to write out all the combinations of particle configurations;
P v i W -
1
<  X x X 2  • • • X a \Vi V2 • • • V a > =
P v i W  ' -
( 2 T )
P v i  ( ^ a ) W l  ( x a ) -
here (pVi are the wavefunctions for each orbit, where Vi are a complete set of labels for 
the one-particle orbits and Xj is the coordinates of the particle, including the spin and 
isospin variables. The total number of different orbits (combinations of the quantum 
numbers) is A!. This Slater determinant is the basis for many-particle system calcula­
tions. Further details of this representation of nuclei can be found in reference [9] and 
the mathematics of handling quantum mechanical state equations are comprehensively 
explained in reference [14].
It has been established tha t any given nucleon is non-interacting over the nuclear 
radius. All the wave function representations of nucleon orbits, then are also non­
interacting. The wave functions are thus orthogonal to one another. By the isospin 
considerations it is also established tha t they are anti-symmetric. Mathematically 
speaking: observed, orthogonal, anti-symmetrised wave functions never co-exist. This 
is consistent with Pauli’s exclusion principle. When a nucleus is in its lowest energy
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state the nucleons fill the available orbitals, u*, always taking the lowest available energy 
eigenvalue. Up to 2j +  1 nucleons can occupy each orbital as their fermionic nature
hence greater than zero. This lowest possible energy is named the Fermi energy.
These insights invite modelling systems by ordering the different quantum states 
based on their binding energy in a mean field and then filling these states with a defined 
number of particles. This method of modelling can be extended beyond the ground 
state of a nucleus, defining how nuclei configure when excited.
2.2 The Independent-Particle Spherical Shell Model
As so far described in this thesis, the nucleon wavefunctions do not interact with 
their environment. The strong force which binds the nucleons together was earlier 
likened to a mean field due to the mean free path of nucleons being long compared 
to the nuclear size. This mean field potential is now represented by V (r). The time- 
dependent Schrôdinger equation to describe particles in a mean field potential thus 
takes the form [14];
#  is the particle’s wave function with respect to  t  and r; m  is the particle mass, as the 
system is non-relativistic this is the rest mass, m 0, and A  is the Laplacian operator. For 
the nuclei described in this thesis, the angular dependence of the Schrôdinger equation
be spherical. To solve the Schrôdinger equation one must determine the potential of 
the mean field.
2.2.1 The W oods-Saxon Potential
Evidence for single-particle shell closures in the nuclear mean field is observed at 
N ,Z  = 2 , 8 , 20, 28, 50, 82, 126 [15,16]. There are various pieces of experimental 
evidence proving this including: proton and neutron separation energy discontinuities; 
a-particle emission energies for different isotopes of an element; neutron-capture cross 
sections and sudden changes in the nuclear charge radius [17]. A mean field potential
has been shown to forbid otherwise. The lowest possible energy state of the nucleus is
(2 .2)
(equation 2 .2) can be dealt with analytically as the model is assuming the nucleus to
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Figure 2.1: Schematic of the Woods-Saxon potential.
needs to be able to reproduce these shells. A Woods-Saxon [18] style potential with an 
additional spin-orbit term  successfully does this while also being analytically solvable. 
The potential is defined [10];
V w-S{r) = -V o 1 +  exp
r — R q
- i
(2.3)
where r  is radial distance from the centre of the potential, a determines the diffuseness 
of the nuclear surface (a ~  0.5 fm), V0 is the depth of the potential (Vo ~  50 MeV) 
and R q is a measure of nuclear size;
% =  r0A1/3, (2.4)
here To ~  1.2 fm and A is the number of nucleons in the system. The Woods-Saxon 
potential is schematically represented in figure 2 .1.
The additional spin-orbit term  is defined by;
d
y ^ ' ( r )
" v T
dr
1 • s. (2.5)
The spin-orbit contribution is primarily a surface effect [8] ; the surface being where 
the nucleon density and hence the Woods-Saxon potential, V w-S- ( r ) , reduces. In equa­
tion 2.5 Vi.s is the spin-orbit potential where Vis is a strength constant and the quantum 
numbers I and s are the orbital angular momentum and intrinsic spin, respectively.
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Note tha t the I-s coupling relationship implies tha t there will be a larger contribution 
to the potential from the spin-orbit term  for higher angular momentum states than 
lower. This additional spin-orbit term  breaks the degeneracy of states in an orbital of 
given n  (the principle quantum number) and I. The resulting mean field is thus defined 
by:
V{r) = V w-s i r )  + Vi.s (2.6)
2.3 Energy Levels
To define the energy levels the Woods-Saxon potential is modified with an addi­
tional spin-orbit term  (equation 2.6) and applied to the Schrôdinger equation (equa­
tion 2 .2) for all combinations of the set of quantum numbers; n, the principal quantum 
number; I, orbital angular momentum and j ,  to tal angular momentum where j  =  Z +  s 
(the orbital angular momentum plus the intrinsic spin component). The resulting eigen­
value energies order the orbitals (each degenerate with 2j +  1 states) recreating the 
physically observed shell structure of nuclei for both the proton and neutron states of 
nucleons. This level scheme is shown in figure 2.2 with standard labelling. It should be 
noted tha t the precise single-particle ordering and separation of these energies changes 
depending on the nuclear mass, A, and also on Coulomb effects [8]. These slight dif­
ferences do not affect the observed shell gaps when considering non-exotic, spherical 
nuclei.
2.3.1 Residual Interactions by a ^-function
There are multiple particles in each named orbit on figure 2 .2 . These levels are 
degenerate under the model explained thus far. There is however a breaking in this 
degeneracy which can be explained with a residual interaction. A 5-function [8] is an 
appropriate way to model its effects on the particles within the (under explanations 
so far) degenerate orbitals, as it is highly localised. This residual interaction is easiest 
explained by exemplifying a case of only two particles in a given orbital.
Two particles with different projections on the symmetry axis (in this spherical 
case the symmetry axis is arbitrary) of their angular momentum, m, but with an
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Figure 2.2: Nucleon level ordering in an independent-particle spherical nucleus with 
a Woods-Saxon style mean field potential and an additional spin-orbit term. The 
number of particles in each orbital are noted in black on the right-hand side of the 
diagram. This scheme is a modified picture from reference [19].
otherwise identical set of quantum numbers, spatially overlap to a greater than normal 
degree. The mean field potential explained thus far does not account for the increased 
strength of the strong nuclear force these two nucleons feel between each other. The 
magnitude of this increased strength is dependent on the specific spatial overlap of 
each individual m-state with the other projections of the angular momentum in the 
concerned orbit.
Figure 2.3 pictorially shows the degree of overlap between two such pairs of nu-
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Figure 2.3: A pictorial example of how orbital wave function overlap differs between 
pairs of substates. These two pairs of substates are taken from a d5/2 orbital. The 
dashed black line is the symmetry axis. Notice that the difference in angular mo­
mentum projected onto the symmetry axis of the nucleons in the left pair is smaller 
than for the right. This wave function orientation difference is indicated by d.
cleons (the examples are taken from a d5/2 orbit). Assuming the two nucleons are 
indistinguishable and from identical orbits, the formula governing the residual interac­
tion potential, Vuiô), is given as;
— Vq
V12®  =  — ^ - 5 ( r i  -  r 2). (2.7)
In this equation subscripts 1 and 2 identify the two nucleons, each with a spatial 
position, r; ô represents the Kronecker ^-function and V0 is the maximum depth of the 
potential felt between the two particles. By applying this potential to the Schrôdinger 
equation (equation 2 .2) the relative energy splitting of different angular momentum 
states is determined. The magnitude of the potential and thus the relative splitting 
of states in the interaction is dependent only on the angular separation of the wave 
functions. However the magnitude of the resulting energy splitting is increased in 
amplitude byJiaving larger values of n  and I for the two similar orbits [8]. It is stressed 
once more tha t all of this is true when the two particles are indistinguishable and reside 
in identical orbits. Figure 2.4 characterises the effects of the residual interaction.
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2.4 Even-Even Nuclei Near Z  =  82, N  =  126
One of the principal aims of the current work is to establish the near yrast spec­
trum  for 204P ti26- This nuclide is 4-proton-holes from doubly magic 208Pb. Similar 
such studies have already been made in the other three cases of 2 particle (hole) pair
studied. Low-lying yrast states in these nuclei are displayed in figure 2.5 [20-31]. At low 
energy excitations in these nuclei one expects the breaking of a single pair of nucleons, 
the broken pair then defines the resultant spin, I, and parity, tt, of the nucleus.
» o+
Figure 2A: Examples of the 5-residual interaction breaking degeneracy in an orbital 
for a pair of like-nucleons in a single j-shell. The effects of this relative splitting 
increase for greater angular momenta. This figure is modified from reference [32].
than /  =  4 require the occupation of the H13/2 neutron orbital. For excitations up to 
1 = 8 holes can occupy the 2 / 7/2 and I/19/2 orbitals also, but contributions from these 
orbits must come from deeper into the N  =  126 shell. The presence of a large angular 
momentum intruder orbital introduces some negative parity states to the low-lying 
yrast levels .
The cases for neutron or proton pairs added to the 208Pb core (210Pb, 212Pb, 210Po 
and 212Rn) are considered together as they express similar behaviour. For additional 
protons pairs the 2/ 7/2 and lhg/2 orbitals are each of t t  =  — parity, offering a maximum 
spin alignment of 7=8; for additional neutrons the t t  =  +  orbitals ( l in /2 and 25-9/2) 
align to a maximum 7=10. In all four cases these orbitals form the yrast structure of 
the nucleus until multiple pair-breaking becomes energetically available, together with 
the possible onset of collective behaviour.
deviations from 208Pb. In addition all four of the single pair deviations have also been
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* \ 
2+ \
\
\
\
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In the neutron-hole cases of 206Pb and 204Pb, low-lying states with spins of greater
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Figure 2.5: Low-lying yrast states for even-even Z=82, 7V=126 doubly magic nu­
clei with an additional 2 or 4 particles (holes) added. The data are taken from 
references [20-31].
The final case, a proton-hole pair in 206Hg, bares some resemblance to neutron- 
holes in 208Pb. The l/ in /2 opposite parity intruder orbital is the only available high- 
angular momentum orbital at low excitation energy. As with the neutron-holes the 
result is a switch in parity for some excitations and a reliance on having both proton- 
holes of the broken pair reside in the l h n /2 orbital if spin is to be greater than >  6 . 
The next closest high-spin orbitals reside above the Z  = 82 shell gap and thus would 
require energies of ~  4 MeV to be reached.
The independent spherical shell model succeeds in reproducing experimentally 
observed single-particle states in these nuclei. From their systematics it suggests then 
tha t in the case of removing a second proton-hole pair from 208Pb, forming 204P t one 
can expect levels similar to 206Hg to be observed.
2.5 Neutron-Holes in the N  =  82 Shell Closure
A comparison can be drawn between the proton-holes in the 82 particle shell 
closure and neutron-holes in the same shell. Neutron-rich isotopes of 5oSn offer this 
opportunity. Some deviations in the observed behaviour are expected due to reduced
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Figure 2.6: Tin isotopes with one and two neutron-hole pairs in N  = 82. The data 
are taken from reference [33].
coulomb effects in the Sn nuclei and also due to the lower mass of the nucleus compared 
to the nuclides near 208Pb. The yrast excitations in the one and two-pair neutron-hole 
nuclei, 130Sn and 128Sn, are shown in figure 2.6 [33].
The yrast states of 130Sn and 128Sn show similar structure to 206Hg (see figure 2.5). 
The yrast 4+ state in the Sn nuclei is important, in tha t unlike in the 206Hg, case this 
state is lower in energy than the yrast 5~ state.
2.6 Electromagnetic Decay
The decay of one nuclear state to another is a statistical process with an expo­
nential form through time {e~xt). The value of the decay constant, A, is understood 
through transition rates. When a decay takes place energy is released through one of a 
selection of mechanisms. Two mechanisms are of relevance to  the current work: decays 
by 7 -ray emission and decays by internal conversion.
2.6.1 Gamma Decay
When 7 -ray emission decay takes place the increased binding of the nucleus is 
balanced by the energy of the emitted 7 -ray, S 7, and by momentum conservation such 
tha t [17];
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(2.8)
here Ei and E f  are the initial and final energies, respectively and M 0 is the rest mass of 
the nucleus. The correction for momentum conservation is a small factor, considerably 
smaller than the resolving power of the detectors. The term is neglected henceforth, 
thus A E  = Ej .  Additionally to  carrying away energy, 7 -rays carry orbital angular 
momentum from the nucleus, such that;
for electric (E) and magnetic (M)  transitions respectively. One should note th a t in 
addition to orbital angular momentum, 7  rays possess an intrinsic spin of 5  =  ± 1. 
This intrinsic spin forbids 7  decay by a single 7  ray for cases of L =  0; it has to take 
place by alternative means. These means are internal conversion (see section 2 .6 .2), 
internal pair formation (creation of an e_e+ pair), double 7 -ray emission (for example 
E l  — E l )  or higher order processes [34].
2.6.2 Internal Conversion
Electron orbit wave functions overlap to varying degrees with the wave function 
of the nucleus. Due to this cross-over there is a finite probability tha t nucleons will 
interact with the orbiting electrons, the probability is proportional to the square mod­
ulus of the overlap. When such interactions take place the excitation energy, AE, is 
emitted through internal conversion, which is a competing process with 7 -ray decay. 
For internal conversion to occur AE (=  E 7) must overcome the binding energy, Bj,  of 
the electron, i.e. Ej  must be positive where;
11* — I f  \ < L  < h  + If.  
where the parity of the multipole is then defined;
(2.9)
A7r(EL) = ( - 1)L, 
A'k(ML)  =  ( - 1 )L+1,
(2 .10)
Ej = E 7 - B j \ j  = K,  ... (2.11)
In equation 2.11 atomic orbitals are labelled because the binding energy for each elec­
tron shell differs (it is also perturbed by specific orbital occupation in a given shell).
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Only electrons from orbitals with a positive Ej  can internally convert. This implies the 
creation of scenarios where only the less strongly bound electrons can be involved in the 
electromagnetic decay process. The internal conversion energy imparted to the elec­
tron ejects it from the atom with kinetic energy Ej. This leaves a vacancy into which 
higher lying electrons de-excite. From this a characteristic X-ray (or competing Auger 
electron emission), or a series of X-rays, is/are emitted from the atom analogously to 
nuclear 7 -ray de-excitation. Binding energy differences between the involved electron 
orbits determine the X-ray energy. This energy is nuclear charge (Z) dependent, hence 
X -ray energies are characteristic for each element. An alternative to X -ray emission 
following internal conversion is Auger electron emission. Here the kinetic energy, Ej,  
from an electron de-excitation is passed to a third (outer) electron. This is then ejected 
from the atom, taking the energy with it. Less probable higher order processes may 
also occur [34], however the X -ray intensity reduction due to Auger electrons is already 
below the sensitivity of the current experiment.
2.6.3 Internal Conversion of Highly Stripped Ions
When nuclei are highly stripped of electrons, there are changes to the internal 
conversion decay branch of excited states tha t warrant discussion here. In the current 
work, nuclei are highly stripped in-flight. Considering first fully stripped ions, there 
are no electrons tha t may internally convert, completely forbidding decays through 
this mechanism. Things become more complex for H-like and He-like ions (those with 
one and two electrons, respectively). For these, limited internal conversion can take 
place. In this work this conversion is always assumed to  be a #  internal conversion, 
on the understanding tha t the electron(s) attached to  the nucleus is/are in the lowest 
lying (Is) orbital, i.e. the K-shell. K-shell internal conversion is well understood for 
neutral atoms, but not for near fully stripped ions. There is very limited scientific 
knowledge regarding changes to internal conversion coefficients for near fully ionised 
nuclei. It is likely tha t there are perturbations to the understood neutral atom a K 
internal conversion coefficient when electrons of other shells are removed from the 
nucleus.
There have been some previous studies into this matter, including a study of the 
I* =  3/2+ 14.4 keV isomer in 57Fe for H- and He-like charge states [35]; this study
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identifies a dependency on the total spin, F,  of the atom. Scientists working with 
the GSI storage ring have reported results from investigations on highly stripped ions 
concerning isomer and bound-electron decay/capture rates [36-38]. The rate for both 
internal conversion and electron-capture decay is proportional to the square modulus of
process will be similarly affected by the degree of stripping of the nucleus. Among other 
findings, the GSI storage ring studies of electron-capture in 140Pr have measured the 
electron capture rate to counter intuitively increase for stripped ions when compared 
to neutral atoms [38]. The change in the rate is less than a factor of 2 , as with the 57Fe 
case [35].
There is not enough robust information available tha t may be quantitatively 
applied to the current study to fully account for internal conversion rate changes in­
flight. This recognised issue is not incorporated into the measurement of isomeric ratios 
for non-fully stripped ions in this thesis (see section 6). Although it is im portant to be 
aware of this issue, it is not anticipated to have a pivotal (or likely even measureable) 
influence on the present results. The a K values for neutral atoms have been used for in­
flight internal conversion coefficients for the isomeric ratio determinations in section 6 
involving H- and He-like ions.
2.6.4 Transition Rates
The decay rate through nuclear states by 7 -ray decay is derived in terms of tran ­
sition probabilities. Estimates of the half-lives of these states (Weifikopf estimates) are 
made by making the assumption tha t the decay involves the changing of state of only 
a single nucleon situated in a spherical basis. The transition probability calculations 
are made through the theory of electromagnetic radiative power from multipoles ap­
plied to a quantised system, (i.e. the nucleus). The mathematical derivations are not 
detailed here (see reference [10] for an example of them). Combining the result of these 
derivations with the Weifikopf single-particle assumptions gives rise to equations 2.12 
and 2.13 [17], these provide an insight to the variables tha t define decay rates of states.
the overlap of the atomic electron and nuclear wavefunctions. This indicates tha t each
2L +1 2
(2.12)
2.6 ELECTROMAGNETIC DECAY 18
S7r(L + 1 )
A(ML) ~L[(2L +  I )!!]2 I "
2L +1
Aireohcm pc
2L —2
(2.13)
L 2
In these equations the decay rate is defined A, the radius is R,  where it is assumed 
tha t R  = 7*0A1/3. Thus there are three variables tha t govern decay rate in this simple 
picture; A, the atomic mass number; E,  the energy difference between the initial and 
final states, and L, the angular momentum difference between those states.
Although the assumptions made by Weifikopf are simple and specifically only for 
protons in a spherical basis, they are found to predict surprisingly similar decay rates to 
experimental results for “pure” single-particle-like transitions. This is particularly true 
near closed shells, where the nucleus is spherical to first order; also only a few nucleons 
are significantly involved with the excited states, validating the single-particle aspect of 
Weifikopf s estimate. For collective transitions, one is able to show tha t excitations are 
highly collective in nature by their large decay probability compared to the Weifikopf 
single-particle estimate.
When considering likely multipolarity transitions one obtains the equations given 
in table 2.1. It is clear tha t for a given nuclear mass and transition energy the lower 
multipolarities are the dominate decay route. Note that, in general, the electric tran­
sitions are faster than the magnetic for a given L.
To quantify to what degree a decay is single-particle in nature, Weifikopf estimates 
are compared with experimental measurements giving values termed B(XL).  These are 
reduced matrix elements and are assigned the unit “Weifikopf units” (W.u.). As the 
Weifikopf estimate assumes a decay takes place through the change in orbit of one 
nucleon alone, equation 2.14 will take a value of 1 if the decay involves a single nucleon 
(in a spherical basis). In practice transitions range from many orders of magnitude less 
than 1 to many orders of magnitude larger.
j-iWeiQ
B(XL)  =  (2.14)
. 1/2
In equation 2.14, T y ^  is the Weifikopf predicted half-life and Tjy2 is the partial half-life 
of the experimental measurement. The partial experimental half-life (and not the actual
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Table 2.1: Estimates for transition rates of differing electric and magnetic multipo­
larity transitions [17]. Energy, £ , is in MeV, A  is atomic mass number.
L \ ( E L )  ( s - 1) (s)
1 1 x 1014A2/3E 3 6.76 x 10-15A -2/3F r 3
2 7.3 x 9.52 x 10-9A - 4/ 3£ ; - 5
3 3 4 ^ 7 2.04 x 10“2A_2E _r
4 1.1 x 10~5A 8/3E 9 6.5 x 104A -8/3E - 9
5 2.4 x 10-12A 10/3E n 2.89 x lO1^ - 10/ 3^ - 11
\ ( M L )  ( s - 1) (s)
1 5.6 x lO^E^ 2.2 x 1 0 -14£ - 3
2 3.5 x 10U f /3#5 3.1 x 10-8A -2/3E " 5
3 16A4/3E 7 6.66 x - 2A -4/3E - 7
4 4.5 x 10-GA2#9 2.12 x 103A -2E - 9
5 7.4 x lO- 13^ 8/ 3# 11 9.37 x lOHA" 8/3# - 11
one) is used because Weifikopf estimates neglect decays through internal conversion and 
do not consider competing parallel decay branches. The partial half-life normalises for 
these additional factors and is calculated as;
" (! +  <*0
^  =  ^ g W . (2-15)
where, Ty% is the experimentally measured half-life, n  is the number of possible decay 
multipolarities, is the to tal internal conversion of each branch and finally (BR)i  is 
the branching ratio of tha t ith decay route.
2.7 Isomeric States
Using the Walker and Dracoulis [39] definition, isomers are considered to be 
nuclear excited states longer-lived than ~  10-9  s, there is no upper limit on their half- 
life. For the purposes of this thesis isomers are deemed to  have half-lives >  1 ns. From 
a physics point of view this value of 1 ns is arbitrary.
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Different, independent physical artifacts can be responsible for the existence of 
metastable states. These are generally grouped into three categories: spin-trap, K- 
and shape isomers [39]. Spin-trap isomers are of primary interest in this work.
2.7.1 Spin-Trap Isomers
11/2"------921
5/2+ ---- -827
3/2+ ----   691
1/2+----- 240
3/2+  —  0
Figure 2.7: Calculation of the low-lying excited states in AT" =  126, Z =  79 205Au.
This calculation was performed by M. Gôrska [40], details regarding the calculation 
are given in section 6.5.
Spin-trap isomers are features of medium to heavy nuclei near closed shells. These 
nuclei have a low level density over a wide energy range in the lower part of their decay 
scheme. This allows one to individually examine each level of excitation considering 
their transition rates. As stated in section 2.6.4, Weifikopf estimates are successful at 
reproducing transition rates of near single-particle decays in such nuclei.
Figure 2.7 uses a shell model calculation (see section 6.5 for details of the model [40]) 
to identify expected level energies in 205Au for all low-lying states up to the first 11/ 2" 
excitation. By applying Weifikopf estimates and using calculated internal conversion 
coefficients [41] the expected half-life for decay from each of these levels to all of the 
other low-lying levels can be estimated to within approximately an order of magnitude. 
This is done in table 2 .2 . Transitions from the l / 2+, 3 /2 t\  and 5/ 2+ states have half- 
lives of the order ~  10-13 s. Transitions from the 11/ 2" state however have half-lives 
1011 —> 1018 orders of magnitude longer. The predictions give the shortest-lived decay 
branch as the E 3(94 keV) transition, with Ti / 2 =  4.0 x 10" 2 s. Therefore, should this 
11/ 2+ state be populated the nucleus would be expected to remain in the excited state 
for an extended time compared to the other nearby states.
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Table 2.2: Weifikopf single-particle unit half-lives of decays from predicted low-lying 
states in 205Au. Note that only the dominant multipole transition between any two 
states has been considered, that T ^  is calculated assuming 1 W.u. and is inclusive 
of any internal conversion branch.
T ran s itio n X L Energy (keV) G-Total T1 / 2  (seconds)
1/2+ 1 CO 3% M l 240 0.64 9.7x10-13
3/2£, — 1/2+ M l 451 0.12 2.1X10-13
-+ 3/2+, M l a 691 0.72 l . lx lO " 12
5/2+ -  3/2+ M l 136 3.17 2 .1 x l0 "12
-> 1/2+ E2 587 0.018 1.11x10-1°
ifCOÎ M l 827 0.024 3.8x10-14
11/2- -» 5/ 2+ E3 94 185.0 4 .0x l0~ 2
-> 3/ 2+ M4 230 57.3 4.8x104
- >  1/ 2+ E5 681 0.25& 3.1X103
1 CO
i
t M4 921 0.17 9.1
aM ay also decay by a partia l EO branch; the 2nd order multipole is quoted. 
b C onsiders only K - and L-shell electrons taken from  reference [42].
The equations 2.12 and 2.13 highlight a strong dependence of electromagnetic 
decay rate on the change in angular momentum between two states. In this case 
of 205Au the 11/ 2" state arises from the single proton-hole occupation of the hn /2 
intruder orbital. By its intruder character, the hn /2 (I = 5) orbital is considerably 
higher in angular momentum than its neighbouring single-particle hole states, which 
arise from Si/2, ds/2, d5/2 and g7/2 orbitals. It is understandable then tha t a transition 
from the initial state (dominated by the hn /2 orbital) to another state requires the 
depopulating 7 -ray to carry away a large amount of orbital angular momentum. This 
is an inhibited process, thus the isomer arises due to the high spin, single-particle 
nature of the decaying state. Hence the name spin-trap isomer.
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2.7.2 Seniority
Before examining the importance of spin-trap isomers, the quantum number “se­
niority” , i/, needs to be defined. Simplifying from the mathematical interpretation of 
reference [43], seniority is most easily understood as the number of unpaired nucleons, 
which describe the wavefunction of a given state (i.e. the number of nucleons tha t do 
not couple to J  =  0). Therefore in the shell model the dominant contributing wave­
function of an even-even nucleus in its ground state has seniority v = 0 , for odd-even
nuclei is = 1 .
Examining the low-lying yrast structure of nuclei, tha t being pivotal to the current 
work, excited states are populated by the breaking of a single pair of nucleons. For 
even-even nuclei, the dominant seniority of these low-lying excited states then is zv =  2 . 
Transitions between these states are Ais = 0 and transitions from these states to the 
ground state change by Ais =  2. Trends of B(E2  : J  —> J  -  2) values across a number 
of nuclei show interesting facets when drawn together with seniority.
The value of B(E2)  for a “good” seniority nucleus in the shell model for a single-j 
shell is directly related to [44] ;
1 — 2 /  Ais ~  0,
y  (2.16)
V / ( I  — / )  Az/ — 2 .
where /  is the occupation of an orbital with n  vacancies for a given j  and is defined 
as:
n
/ = ( 2 7 T ï ÿ
By plotting the variation of B{E2)  values with respect to /  for Ais =  0, 2 one observes 
two strikingly different trends. This is shown in figure 2.8 (left). The B { E 2) values 
of seniority conserving and non-conserving transitions follow opposing parabolas to 
one another as the single-j orbit population changes. In both collective and seniority 
nuclei, the B{E2)  of the first excited states express similar parabola. For higher-lying 
transitions the B(E2)  parabola is inverted for seniority nuclei, but not for collective [44] 
(see figure 2.8 (right) for the evolution of collective B(E2)  values).
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•  B(E2; Av = 0) o  oh
#B(E2; 4+ -> 2+) 
o B(E2; 2+ -> 0+)
().5 i
f  = nj(2j+ 1)
N
Figure 2.8: Left: B(E2)  values as orbital occupancy changes in a single-j shell
for conserving and non-conserving seniority transitions in a single-particle model. 
Right: Experimental yrast B(E2)  values for 62 < Z < 74 (i.e. nuclei that express 
collective behaviour), some known low-lying intruder orbital states have been omitted 
for clarity. These figures are taken from [44].
2 .7 .3  S en iority  and Spin-T rap Isom ers
Seniority is considered to  be a reasonably good quantum  num ber for low-spin 
states in nuclei near shell closures; spin-trap isomers also occur near shell closures. 
Commonly these spin-trap isomer states decay through seniority conserving transitions 
(Az/ =  0). By measuring the half-life of these isomers in even-even nuclei one is able to 
extract B( E2)  information for Azv =  0 decays (i.e. J  ^  J  - 2  where J  — 2 ^  0). This 
is of particular im portance for exotic nuclei, where low population cross sections make 
half-life measurements of non-isomeric states very challenging. By investigating trends 
in B( E2)  values of exotic nuclei above the first excited state, indication is given as to 
the presence of shell closures far from stability. This is done by searching for switches 
between up and down sloping gradients of B( E2)  parabola [44].
2.8 Relativistic Fragmentation
For the experimental results discussed in this thesis, relativistic fragm entation 
was used as the reaction mechanism for populating the nuclei. Fragm entation can be 
understood through an abrasion-ablation approach [45]. This separates the reaction 
into two distinct phases. In the first of these phases, abrasion, the projectile collides
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with the target nucleus (in this case 9Be). The beam has a highly relativistic veloc­
ity [46] (in the work presented in this thesis the beam was 208Pb with /3=0.8579). When 
approximating the range of the strong nuclear force to the nucleon radius (~  1.2 fm), 
this makes the interaction time window ~  10-23 s between any two nucleons. Calculat­
ing from the orbital energy of the nucleons (see section 2 .1), this results in the relative 
motion of particles being only ~  0.1 fm during the interaction time. This enables 
the abrasion phase of the fragmentation reaction to treat the nucleons as being static. 
All of the energy transfer in the reaction then is localised between the static wave­
function overlap of the nucleons in each nucleus. Those nucleons which are observed 
to be outside of this “abrasion zone” are unaware of the reaction taking place; their 
wavefunctions and velocities are undisturbed [45].
Specific orbitals are depopulated when nucleons are suddenly removed from the 
nucleus. In cases where these nucleons are from the surface the daughter nucleus is 
often populated in excited states, which will then 7 -ray decay to cool down. In the 
context of this thesis, the decay of some fraction of the daughter nuclei will involve the 
population of isomeric states, which may then be measured. For nucleons ejected from 
further below the Fermi surface particle-decay branches dominate over 7 -ray emission. 
The evaporation of further particles following the initial abrasion is understood as the 
second phase of the fragmentation reaction, ablation. When the ablation period is over 
( ~  1CT23 -  1CT16 s depending on energies and the stability of the pre-fragment) the 
final fragment is likely to exist in an excited state, again isomers may be populated 
and measured if they are present. Both nuclei from ablated and non-ablated fragments 
will be discussed in this work.
Chapter 3
Experim ental Technique: Preparing  
the N uclei o f Interest
3.1 Principal Requirements of the Experiment
There are specific requirements which an experiment aimed at examining 204P t 
must meet. These requirements are not arbitrary, due to the interdependency of the 
factors involved. First and foremost, there must be a mechanism in place capable of 
populating 204P t nuclei; the degree of this population is however dependent on numer­
ous factors. Secondly, and critically, it must also be possible to make spectroscopic 
measurements of the 204P t nuclei after production.
For the work performed projectile fragmentation has been used as the popula­
tion mechanism. The use of the fragmentation technique brings further experimental 
requirements. During the fragmentation of primary beam particles, broad swathes of 
nuclear species are synthesised. Accurate spectroscopic measurements of single species 
among these nuclei requires an association between the nucleus emitting the radiation 
and the corresponding observed 7  ray. Hence another experimental requirement is the 
unambiguous identification of secondary beam nuclei on an event-by-event basis.
Any practical solution for particle identification requires a finite time to perform 
the task, this finite time is much greater than the scale for de-excitation of uninhibited 
nuclear excited states (~  H T15 -  10-12 s). Upon synthesis of exotic nuclei detecting 
the prompt 7  rays is unfortunately not an option; spectroscopic measurements made 
about the production target are blinded by radiation from the much greater popula­
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tion of nuclei tha t are “uninteresting” to the current experiment. One way to make a 
spectroscopic measurement of low production cross-section nuclei is to measure 7  rays 
emitted after a particle selection process, when the more intensely populated nuclei 
have been removed from the detection area; this selection can be performed simulta­
neously with particle identification, which then selects nuclides from those implanted 
in the detection area. A combination of this selection and identification allows for very 
clean spectroscopic measurements. However as measurement must follow the selection 
process, which takes ~  300 ns, it is experimentally limited to studying only delayed 
photon emissions, i.e. isomeric states. As only isomers are to be studied, a further 
experimental requirement is made. The produced, selected and identified nuclei need 
to be stopped, so tha t their isomeric states decay in view of the 7  ray spectrometer.
Returning to the original issue of the population quantity required to perform 
the experiment, it is defined by accounting for: (1) losses during particle selection and 
identification and losses in stopping the nuclei; (2 ) 7 -ray detection efficiency and (3 ) 
a reasonable reduction of statistical uncertainty. The precise method of how these 
requirements were met for the presented findings is detailed throughout this chapter 
and the one following.
3.2 The Primary Beam
The staff of the GSI laboratory are responsible for delivering the primary beam 
to the experimental hall. The delivery of this beam is a two step process, the initial ac­
celeration of the particles is done through the use of GSFs UNIversal Liner Accelerator 
(UNILAG), following this the particles are subsequently injected into the Schwerlonen 
Synchrotron 18 (SIS-18) for full acceleration.
3.2.1 UNILAC
The UNILAC accelerator (pictured in figure 3.1) initiates particle acceleration 
with either PIG or MUCIS/MEVVA ion sources (PIG -  PennlnG ion source; MUGIS 
-  MUltiCusp Ion Source; M E W A  -  MEtal Vapour Vacuum Arc) [48]. Following beam 
transport particles are accelerated through a 36 MHz Radio Frequency Quadrupole 
(RFQ) accelerator. Now with an energy of 1.4 M eV/u the particles undergo a degree
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Figure 3.1: Schematic of the GSI UNILAC showing key stages of beam development 
until injection into the SIS-18. This picture is taken from reference [47].
of electron stripping through jets of nitrogen gas before being accelerated for a second 
tim e at 108 MHz in an ALVAREZ Cavity style linear accelerator [49]. W ith an energy 
of ~  11.4 M eV /u the nuclei are now injected into the SIS-18 synchrotron.
To help achieve high energy acceleration in the SIS-18 the UNILAC injected beam  
is passed through carbon foils to  further strip the beam  nuclei. The GSI synchrotron 
(pictured in figure 3.2) has a radius of 34.5 m and can achieve a maximum bending 
power of 18 Tm  from its 24 dipole magnets. There are two RF cavities providing beam  
acceleration at 16 kV. For the described experiment, the SIS-18 ou tpu tted  a beam  of 
208P b +67 at 1 G eV /u. This was the prim ary beam  and was passed to the  experim ental
3.3 Fragmenting the Primary Beam
W hen exiting the SIS-18 the 208Pb beam  particles interact with m atte r reducing 
the beam energy to  999.1 M eV/u, this energy loss is calculated by sim ulation using the 
ATIMA code [51]. At 999.1 M eV /u the prim ary beam  impinges on the fragm entation 
target. For this experiment a target of 2.526 g /cm 2 9Be was used. Of the targets 
available at the GSI laboratory, this one best optimises the production of the  nuclei of 
interest by a single- or m ulti-step fragm entation process, whilst lim iting losses of those 
nuclei through subsequent fragm entation reactions prior to  exiting the target.
The beam  nuclei leaving the target are passed through a th in  Nb foil. For high
3.2 .2  SIS-18
hall.
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Circumference 216 m 
Maximum Bending Power 18 T
Magnets 24 Dipoles, 1.8 Tesla 
12 Triplettlenses 
12 Sextupolelenses
Dipoles 3.6 kA at 12 kV 
Field Ramp 10 T/s
Magnet Power
RF Acceleration 2 Cavities at 16 kV 
Frequency Span 0.8 - 5.6 MHz
operational 10‘ "3 Torr 
bakable to 300° C
Vacuum
Position Monitors 
Phase Probes 
DC Transformer 
fast, 1 slow 
Pulse Transformer 
Faraday Cup 
Beam Scraper
Beam Diagnosis
Figure 3.2: Schematic of the GSI SIS-18, this is the final stage of beam development, 
outputted is a 208Pb+67 at 1 GeV/u. This picture is taken from reference [50].
energies, such as those in this experiment, beryllium although a good fragm entation 
target, it is not an ideal electron stripping m aterial. Medium masses make the optim um  
strippers, as heavy nuclei interfere with the beam  optics to  too great of a degree. The 
electrons are removed from the nucleus due to  Z-dependent atom ic interactions: radia­
tive electron capture, kinematic capture and ionisation [52,53]. Now as the fragm ented 
nuclei leave the Nb stripping foil they are near all fully ionised (see section 5.1.5 for a 
detailed review of this stripping).
The removal of electrons provides two key advantages when performing the  ex­
perim ent. The m ain reason for ionising the secondary beam  is for the benefit of particle 
identification and selection. The particle separation process is highly dependent on q. 
An additional effect of electron stripping is the  inhibition of internal conversion decay 
paths in-flight. The tim e th a t passes for particles from fragm entation to  m easurem ent
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is ~  300 ns. By prohibitting internal conversion, isomeric half-lives are extended for 
highly stripped ions when compared to g <  Z  ions, allowing for m easurem ent of iso­
mers which would have otherwise decayed in-flight. The shortest half-life m easured 
currently with the FRS using the isomer spectroscopy technique is Ti /2 =  10.3(24) ns
m 200 P t [54].
3.4 Components of the Fragment Separator
W hen the nuclei of interest have been produced they need to be selected and iden­
tified. The selection is performed by the FRS [55] while simultaneously the information 
needed for nuclide identification is recorded for subsequent off-line software analysis. 
There are several devices involved in the selection and identification process, they are 
detailed in the following subsections. A simplified overview of the FRS structure  is 
first given in figure 3.3.
Primary beam  from SIS
Middle Focus
S 2
(Achromatic) deg rad er
Production target
S 3
S 4
Final focal plane
Figure 3.3: Sketch of the FRS. Highlighted in green are the dipole magnets, the 
quadrupole magnets are yellow. Localities along the separator are labelled by SI, 
S2, S3 and S4; the number index increases after each dipole magnet. The total beam 
path of the FRS is ~  70 m. This diagram was modified from reference [56].
3.4 .1  D ip o le  M agn ets
Dipole m agnets are used for their ability to  bend charged particles through circu­
lar arcs. To make charged particle selection, the secondary beam  products are passed 
through four dipole magnets. These m agnets have fixed radii bu t the m agnetic field 
which is applied to  them  may be varied as required, w ith field strengths up to  1.6 T. 
The m agnets are set up such th a t particle dispersion is across the horizontal plane, this
3.4 COMPONENTS OF THE FRAGMENT SEPARATOR 30
is often referred to as the ^-dimension. The maximum acceptance width for particles is 
±100 mm about the rr-plane centre. By virtue of this spatial limit, the arc traversed by 
any particle must trace a path which falls within the 200 mm width. All other particles 
fall out of the beam line and are thus removed from experimental consideration. This 
arc of travel is defined in terms of the magnetic rigidity of a particle, Bp,  where B  is 
the magnetic field strength and p is the radius of curvature. This magnetic rigidity is 
governed by particle mass, the electric charge and its velocity, such that;
A
B p  = (3^uc . — (3.1)
qe
where (3 is velocity divided by the speed of light, 7  is the relativistic Lorentz contraction, 
u is the atomic mass unit, c is the speed of light, A is the atomic mass number, q is 
the charge of the ion and e is the unit of electrical charge.
3.4.2 Quadrupole M agnets
Quadrupole magnets are positioned throughout the FRS. They characteristically 
focus nuclei in one Cartesian plane while defocussing in another [57]. Groups of three 
quadrupole magnets are placed either end of the dipole magnets. The magnetic field 
strengths combined with the geometric separation of these magnets is such tha t an 
optimum optical focus of the beam is attained. They correct dispersions due to in­
beam m atter interactions prior to the dipole magnet and variances in dipole magnet 
bending effects after the particles traverse the dipole magnets. Note should be made 
of sextupole magnets which are also placed before and after the dipole magnets, these 
make 2nd order corrections to the beam focus.
3.4.3 Slits
Pairs of thick copper blocks, serving as slits, are placed in the beam line. They 
are thick enough to stop any nuclear fragment incident on them, allowing only particles 
between the two blocks to continue along the FRS. The copper blocks are adjustable 
across the x-plane of the beam and can be used asymmetrically. They are used to 
remove unwanted nuclei from the secondary beam by effectively reducing the 200 mm 
maximum width of the beam.
3.4 COMPONENTS OF TEE FRAGMENT SEPARATOR 31
3 .4 .4  M u ltiw ire  P ro p o rtio n a l C ou nters
There are several two-stage M ultiW ire Proportional Counters (M W PC) [58] avail­
able for use along the beam  pathway. They are used to measure particle position in 
the x- and y-planes. Some are used only for calibration and others to  give recorded 
measurem ents during experimental readings. Inside a M W PC is a mixed gas (P-10) of 
C 0 2, Ar and a small amount of alcohol. An example of the operation of a two-stage 
M W PC is depicted in figure 3.4. The pre-gap in the schematic (the additional 2nd 
stage of the two-stage M W PC) is for use only with light ions (Z  <  6) and so is not 
used in this experiment; effectively making the M W PC chambers single-stage.
ion
—— —  ^ cathode Y 
5 mm
■ ■ ^  anode 45°
5 mm
" m m  cathode X
I
18 mm
transfer gap
6 mm pregap
Figure 3.4: Schematic example of a two-stage MWPC. This figure was modified from 
reference [59].
Incident particles ionise electrons from atom s of the  chamber gas. An electric 
field (~  2 kV) applied to  the chamber induces an electronic drift towards one of the 
anodes, Ua - An electronic avalanche occurs with increasing significance as the electrons 
approach the anode, achieving a gain of ~  103 [58]. The anode is orientated by a 45° 
offset from the cathodes. W hen a cascade occurs on the anode, it induces a positive 
signal on the horizontal and vertical cathode wires closest to  where the cascade hits the 
anode. The difference in m agnitude of charge collected a t either end of the cathodes 
(i.e. left and right or up and down) measures the  position of the incident particle along 
th a t plane, such that:
ground
ground
avalanche e
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X — fOxiQlx ~  QrX) +  /lx5 y  — fOyiQuy -  Qdy) +  fly- (3.2)
Equation 3.2 gives the particle position calculation where x  is the horizontal position; 
y is the vertical position; / 0z, f i x , f 0y and f ly are constants where f 0 depends on the 
response curve of the electronics and / i  is the offset between the left and right signals; 
and Qix: Qrx, QUy and Qdy are the charge collections of the cathodes. The MWPCs 
are capable of resolving position with 0.5 mm precision.
3.4.5 Scintillation D etectors
Charged particles are also detected using scintillation detectors, which measure 
particle position, rate of energy loss and time of detection. The specific scintillators 
from this experiment are the organic plastic Bicron BC420 model [60]. This model of 
Bicron scintillator has low self-absorption and maintains a fast timing response (decay 
constant of 1.5 ns) for large sheet areas [61], such as the 200 x 80 mm typical beam 
area of the current work. The scintillation detectors resolve particle position with a 
F W H M  = 4 mm and in time with a F W H M  = 40 ps [60].
When a beam particle is incident on a scintillation detector, electrons are ex­
cited, they consequently de-excite emitting visible light. The refractive index of the 
scintillator material (refractive index =  1.58) serves to raise the probability of total 
internal reflection for the photons striking the edge of the detector; hence the photons 
are trapped inside the scintillator. Eventually they strike the photo-sensitive plate (the 
photocathode), which connects to a PhotoMultiplier (PM) tube. Inside the PM tube a 
resulting ionised electron is directed towards a dynode by an electric field. It accelerates 
towards this dynode and upon colliding with it it interacts with the m atter, ionising 
more electrons. At a higher potential difference these electrons are again accelerated 
towards another dynode for a larger scale repeat reaction. After repeating this process 
several times the electronic signal is now amplified for digital processing after it strikes 
the anode and is outputted from the device. Total charge collections give N E  and the 
fast timing nature of the detector makes it suitable for accurate timing measurements.
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3.4 .6  D egrad ers
There are two degraders used in the current work. The degraders are m ade from 
alum inium  and are shaped differently. The homogeneous degrader is the simpler case; 
it is homogeneous with respect to  the  beam  direction of travel and its purpose is to 
reduce the energy of secondary beam  particles. Aluminium is used principally for 
technical reasons as it is easily machined and a non-toxic m aterial.
The other degrader (sometimes term ed the wedge) is designed to  separate the  dif­
ferent beam  particle species. This degrader is angular (wedge shaped) and is pivoted 
a t its centre. The angle results in a varying alum inium  thickness across the horizon­
tal plane of the beam  line. Thus particles passing through the degrader a t different 
positions pass through different thicknesses of m aterial (See figure 3.5 (left)). In this 
experiment the  degrader was set a t an angle which operated in what is term ed “achro­
m atic” mode. This mode characterises m om entum  of all the beam  particles. By having 
defined m om enta after traversing the degrader, the  nuclei can be mass-charge (A /g) 
separated across the horizontal plane, improving the particle selection and identifica­
tion.
Figure 3.5: Sketches of particles passing through the achromatic degrader. Left ex­
emplifies an exaggerated variation in degrader thickness. The sketch is modified from 
reference [62]. Right shows the separation of two particles to visually complement 
the details of equation 3.3. This sketch is modified from reference [63].
The optim um  achrom atic angle is calculated by considering the m om entum  dis­
persion from the first pair of dipole magnets, D is 1. Looking nuclide-by-nuclide after 
production there is a linear m omentum  spread for the particles. This linear momen­
tum  spread manifests itself as a positional distribution after passing through the  first 
dipole m agnet pair. If these nuclei now pass through a variable thickness degrader their 
relative m omentum  properties are changed. The angle which optimises achrom aticity 
is one which does not alter relative m omenta, but instead m aintains the same energy
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ratio between nuclei upon departure from the degrader as when entering it. Hence:
/  \  (3 3)I d E \
= 0 E f ’
\  /  (3Ei
where Ei and Ef  are the initial and final energies of a particle of any given trajectory, dx 
is an infinitesimal step through the depth of the degrader, e and e' are the thicknesses 
of aluminium traversed for two different particle pathways and (3 is the ratio of ingoing 
energy difference between the two routes. (3 is given by;
^  =  (A ;+(l/100)D 2gi^, (3.4)
where k  is the horizontal separation of the two trajectories at the degrader (quoted in 
cm). The situation is depicted in figure 3.5 (right). The aromaticity of all particles 
depends only on the magnetic dispersion, Disi  (quoted in metres), within an accuracy 
of 10-3  [63]. All nuclear species in the secondary beam will be achromatically separated.
3.4.7 M ulti-Sam pling Ionisation Chambers
Energy loss rates are measured during the experiment. As previously mentioned, 
the scintillation detectors give this information but for higher resolution values MUlti- 
Sampling Ionisation Chambers (MUSIC) are used, specifically the MUSIC80 model. 
After passing a Mylar foil entrance window, these chambers (pictured in figure 3.6) 
contain tetrafluoromethane gas (CF4) over a length of 420 mm along the beam di­
rection of travel, where the effective measuring range is 400 mm. The gas is used 
at 1 atmosphere (atm), operates at room temperature (~  293 K) and its purity is 
maintained by a pumping system.
Inside the chamber there are 8 anodes, which are evenly spaced over the length 
of the chamber they each take a measurement of the energy deposited by incident 
particles over a localised region. The response of each anode is normalised and then an 
average value for the energy loss of particles is used for experimental measurements. As 
with the MWPCs the measurement is made by detecting electron-ion pairs following 
ionisation. The gas traversed by beam particles in the MUSIC chambers are of such
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Figure 3.6: Schematic of a MUSIC detector. This figure is taken from reference [64].
density and effective length th a t they cover m any electron pick ups and losses by the 
nucleus. Hence the anode-averaged signal from the MUSIC detector is a measure of the 
effective nuclear charge, qef f , not the  ingoing charge state , ç, or (directly) the  Z  of the 
element. The charge response on the anodes of a MUSIC detector is near linear over 
a very wide range of nuclear charges and energies [65]. The velocity of the measured 
particle (and hence the time available for interactions in the chamber) affects the  energy 
it deposits. A velocity correction is made to  normalise this response based on calibrated 
particle velocity measurements of known nuclei, usually the prim ary beam.
The charge response is position dependent over the  area of the  MUSIC detector 
tangential to  beam  direction. A norm alisation of this response is made w ith a Frisch 
grid. The Frisch grid acts like a  gate, which is “closed” once the desired signal has 
been received a t the anodes. W hen it is in use this stops back-scattered positive ions 
from interfering with the response [66]. Untended, back-scattering reduces the charge 
response for beam  particles; the effects are more pronounced the closer the  secondary 
beam  particle passes to  the cathode. The Frisch grid is not perfect, back-scattering 
is still a measureable affect across the horizontal plane of the MUSIC detector. The 
calibrated MUSIC signal needs a position-dependent correction m ade to  it. This is 
done by sweeping unambiguously identified ions (normally the prim ary beam) across 
the MUSIC chamber and then normalising the response for different positions.
The MUSIC chambers are subject to  further shifts in their charge response to 
beam particles. Changes in the gas pressure and tem perature pertu rb  the response. 
Pressure and tem perature changes occur due to  the varying ambient atm ospheric con­
ditions of the experim ental hall; i.e. the MUSIC signals differ subject to  the weather 
conditions during the experiment. This effect can be dealt w ith by m aking time- 
dependent norm alisation corrections to the calibration param eters.
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3.5 The FRS System
The operations of individual components of the FRS have now been defined. 
W ith  an understanding of how they work in mind, the selection and separation of the 
fragm ented nuclei can be explained. So far in this document it has been described th a t 
the prim ary beam  at 999.1 M eV /u has fragm ented on a 9Be target, resulting in the 
synthesis of a broad swathe of secondary beam  nuclei, these will now be m anipulated 
in preparation for y-ray spectroscopy.
The fragments are passed through the first dipole m agnet, coupled w ith its 
quadrupole and sextupole focussing magnets. In future, for simplicity, groups of these 
m agnets will be referred to  as D*, where i is the FRS location index nam ed in fig­
ure 3.3. Therefore, this is the Di magnet. The m omentum  distribution and m agnetic 
rigidity properties of the beam  particles spreads them  across the z-plane. The S i slits 
which follow the D% m agnet now restrict which of the nuclei are accepted by the slit 
positioning, the precise postion of the slits differs for each experiment. This process is 
visualised in figure 3.7.
Bp - AE - Bp Separation Method
Production
Figure 3.7: Diagram of nuclide selection through the FRS showing an example of 
using beam optics to select the synthesised nuclei. This diagram is modified from 
reference [67].
After this first selection of nuclei, the fragments are brought back into focus at the 
interm ediate focal position by the D2 magnet. Upon exiting this second dipole m agnet 
there is a second slit available for selecting nuclei by choosing the beam  acceptance 
width. The first beam line detector is a scintillation detector (Sci21). Timing infor­
m ation is recorded here, which will be discussed later. Positional information, which 
tracks the flight path  of each particle in the secondary beam, is w ritten  to the  d a ta
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stream. It was earlier stated tha t MWPCs resolve particle position with higher preci­
sion than scintillation detectors. MWPCs are not used here due to two reasons; firstly 
they are very quickly damaged and inefficient at working with the beam intensities at 
S2 ; secondly they also introduce inhomogeneities into the beam. The inhomogeneities 
arise from the wire structure in the MWPC; approximately 10 % of beam particles 
strike the cathode wires, which degrades the beam optics [59]. There are actually two 
MWPCs in use at this stage along the FRS, but only prior to the final experimental 
set up. These are named MW21 and MW22, and are placed before and after Sci21 to 
callibrate it. They are removed once the experiment proper begins.
Following Sci21 , the beam passes through the S2 achromatic degrader (the wedge). 
The outgoing beam nuclides are taken through a Nb foil to maintain electron stripping 
and then on to the next pair of magnets, D3 and D4, with another slit placed between 
the two. Until now the beam has been kept in vacuum, it now passes the FRS exit 
window (90 mg/cm 2 of Ti) and henceforth travels in air.
As the magnets have all been traversed there are less concerns over beam optics 
after D4 and the beam intensity at this stage is relatively low (~  103 Hz). It is 
now beneficial and possible to use MWPC detectors for position measurements. The 
particles next pass through one of these, MW41. There are two MUSIC detectors placed 
after MW41, these are MUSIC41 and MUSIC42. These two chambers are separated 
by a Nb stripper foil. Upon entering the MUSIC gas, particles have already changed 
charge state from the state they were in whilst traversing magnets D3 and D4. This is 
a result of interacting with the FRS exit window, air, components of MW41 and the 
MUSIC chamber entrance window.
The next beam line detector to  be encountered is Sci41, which provides the master 
trigger for all data recording in the current work. This scintillation detector, as Sci21 , 
measures both position and time. The timing signals between the two scintillators 
(Sci21 and Sci41) provides a Time of Flight (ToF) measurement, i.e. a  measure of 
the particle ToF over the latter half of the FRS. Both of these scintillators have PM 
tubes placed on their left and right side. The difference in the arrival time of the 
Sci21 (left) signal is taken against Sci41 (left), and right is taken against right. This 
measurement is made with a Time-to-Amplitude Converter (TAC) [68]. The Sci21 
signal is temporally delayed by approximately 200-300 ns and the Sci41 signal is then 
used as the “s tart” trigger. The lower beam intensity at Sci41 ensures start signals
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are not triggered on undesirable particles, thus reducing the electronic dead time. The 
pulse amplitude output from accepted TAC signals is proportional to the difference in 
arrival time of the start and stop signals. The pulse is then passed to an Analog-to- 
Digital Converter [68] for recording in the data  stream.
The ^-position of where the particle strikes the scintillators perturbs the recorded 
signal as a result of charge travel time across the scintillator itself. By taking an average 
between the left-left and right-right ToF measurements, this charge collection time is 
eliminated. Thus;
{T o F i- i-h i-i +  h i - i )  +  (T oF r—r • for_r +  / i r_r)
T 0F21-41 = --------------------- -------------------------------- ------ =  T41 -  T21, (3.5)
where T 0 F 2 1 - 4 1  is the actual particle TOF, Z41 and T21 are the absolute times when 
the particle passes the scintillators, / 0z_z and f 0r_r are the calibration gradients of the 
TACs and / i z_z and / lr_r are constants, which normalise the scales of the TACs and 
also account for the deliberate time delay for signals from Sci21 .
Although equation 3.5 is the standard method for calculating the ToF in the 
FRS, this was not possible in the current experiment. There were technical issues 
encountered with the response of the right PM tube in Sci21 . This inhibited accurate 
TOF measurements, although position information was less strongly affected and still 
acceptable. Using only the left-left ToF signal and factoring in charge travel time across 
the scintillator the problem is avoided. Thus in the results presented in this thesis, the 
T 0 F 2 1 - 4 1  was determined using;
A x s 2 A xscm
T 0F21-41 = (ToFi_i.fQl l + / i z_z) —2 - ------ . Xsci21 +  2  . Xsci41 =  T41—T2i, (3.6)
Cgci Cgci
here csCi is the effective speed of light in the scintillation material and x sCi2i and xsd 4i 
are the positions of the particle at the two measured locations. The factors of 2 arise 
from the positional scale being calibrated to zero at the midpoint of the detector.
The next detector is a second MWPC, MW42, where another position measure­
ment is made. The distance between MW41 and MW42 is known. From the position 
measurements in both of these the A x m^w^ mw^) of each particle relative to  the over­
all beam direction can be extracted. Knowing the angle the particle is travelling at 
and its ^-position at any of Sci41, MW41 or MW42 makes it possible to extrapolate
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the particle position at any stage along the S4 location of the FRS. This enables the 
implementation of the position calibration correction to the MUSIC detector charge 
collection measurements, and also optimises the position resolution by monitoring par­
ticle positions at the beam focal point, 2:54. Optimum resolution in this is achieved 
by applying the correction to MW42 {xMw42), this is because it is higher in resolution 
than Sci41 and because it is the closest of the three detectors to the beam focus (thus 
reducing the propagation of error in the correction). The focal position calculation is 
shown as an example of one of these corrections;
D I S T {m w 41 — > focus)
XS4 = Xmwai +  Arr(MW4i->MW42) -TTrcT-----------------   (3.7)
J J lb ± ( M W 4l -> MW42)
where D I S T ( MWai  -» focus) and D IST(MwA1 -» MW42) are the physical separation dis­
tances of the named locations.
Next the final slits for removing particles from the secondary beam are placed, 
this is done as late as possible in the beam line to improve selection, as the optimum 
beam focus is not reached until inside the RISING 7 -ray array (see section 4 ). The 
particles are next slowed using a homogeneous Aluminium (S4 ) degrader. Reactions 
take place inside this degrader. It is in essence, and unavoidably, another target for 
the beam particles to fragment in. To quantify and account for these losses, energy 
measurements are made from another scintillation detector (Sci42) placed after the 
degrader (see section 5.1.3 for details of this).
After Sci42 the particles still have significant kinetic energy (approximately <  
100 MeV/u) and so enter the stopper which is inside the RISING germanium detector 
array, where they are intended to implant. One final scintillation detector for particle 
identification, Sci43, is placed after the stopper (the stopper is detailed in section 4 .2). 
Its purpose is to identify, through energy measurements, any ions which were not 
stopped inside the RISING array. A schematic of all of the detectors located at the S4 
position is shown in figure 3.8.
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Chapter 4 
Experim ental Technique: R ISIN G
4.1 The RISING "Stopped Beam” Collaboration
RISING, or Rare ISotope INvestigations at GSI [70], is an international collabo­
ration of nuclear physicists. These scientists originate from over two dozen countries; 
in the current experiment they total 17 nationalities from 19 institutions in 11 differ­
ent countries. RISING has performed a series of experimental campaigns [70]. In each 
campaign the selective power of the FRS has been used to measure exotic nuclei far 
from stability all over the nuclear chart. This thesis concerns the first stage of the RIS­
ING “Stopped Beam” campaign (see figures 4.1 and 4.2 for photographs of the array 
in its Stopped Beam configuration). As the name suggests, and as has been mentioned 
already, the beam is brought to a halt in the middle of the array in this experiment.
4.2 The Stopper
In this first phase of the Stopped Beam campaign a passive stopper was used for 
experiments. In more recent experiments the passive stopper has been replaced with 
Double Sided Silicon Strip Detectors (DSSSD). By using a DSSSD the stopper is then 
termed “active” , in tha t it itself is now a detector, it measures charged particle decay 
events [72]. The work presented in this thesis uses exclusively the passive stopper. Its 
purpose is to stop the beam-like fragments, for spectroscopic measurement of 7  rays 
from isomeric states.
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There are factors affecting the material used for stopping particles, which need to 
be accounted for. An appropriate thickness for the passive stopper must be chosen. The 
FRS was used in its achromatic style, offering high resolution in particle identification 
after selection. By virtue of making the beam achromatic in nature there is a broad 
spread in energy for beam nuclei (energies range ~  10 —> 100 M eV/u when exiting 
exiting Sci42). This implies a broad stopping distance; the stopper needs to be thick 
enough to stop all of the secondary beam fragments. However, the thicker the stopper 
the more it photoabsorbs, reducing the photopeak efficiency for y-ray detection in the 
RISING array. The stopper therefore needs to be thick enough to stop the fragments 
of interest but no thicker, so as to avoid needless efficiency losses. Plastic stoppers, 7 
and 9 mm deep, were appropriate for the requirements of the current work and were 
used in the experiment. This required thickness was ascertained through simulations of 
the experiment using the program MOCADI [73]. Perspex is a good choice of material 
technically, economically and physically. The low Z  elements it contains reduce the 
amount of detectable Bremsstrahlung radiation emitted during implantation. Upon 
stopping, nuclei fully recombine with electrons, neutralising the atom.
One can now draw together in more detail the function of the S4 homogeneous de­
grader. In their approach to the degrader, the nuclei have an energy ~  400 MeV/u. It 
is clear tha t there is a benefit in removing most of this energy before entering the RIS­
ING array. W ithout the degrader a very thick stopper would be needed, considerably 
reducing y-ray detection efficiency. More importantly this method would also mag­
nify another experimental consideration, the prompt flash (see section 4.3 for details). 
Furthermore it would forbid experimentally identifying particles lost through nuclear 
reactions when decelerating nuclei as there would be no facility for using scintillation 
detector Sci42.
4.3 Physical Considerations when Stopping Nuclei
There are two physics issues which must be accounted for when stopping the 
secondary beam fragments. The less critical of the two is the need to understand what 
reaction losses occur after Sci42. These are losses to reactions both in air and also in 
the plastic stopper. At this stage there is no further particle identification unless the 
particle reaches Sci43. If they react, change their nuclear species and also stop, then
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the recorded data will mis-associate the spectroscopic information with the nuclear 
species responsible for its emission. It is a limit of the experimental setup tha t these 
reactions cannot be measured. The 7  rays detected here will increase the background 
levels of the spectroscopic readings. The losses can be, and have been, theoretically 
quantified however with LISE++ simulations [46,74]. For the nuclei in this experiment 
~  7.5 % react and stop after Sci42 but before Sci43. As this is an unmeasured value, 
the percentage is applied to  isomeric ratio data only as a contributing uncertainty.
The second and greater issue when implanting nuclei in the stopper results from 
bremsstrahlung. Decelerating nuclei ionise atoms in the m atter they traverse. The 
resulting free electrons, now with kinetic energy of their own, also decelerate by in­
teracting with m atter. Energy is radiated from the electrons through bremsstrahlung. 
The result is termed a “prompt flash” and it is emitted each time a particle is implanted 
in the stopper. During the time in which the flash is emitted, photons associated with 
isomeric-decay cannot easily be distinguished.
Each 7 -ray detector in the array can process only up to  one 7  ray per event [75]. 
If the flash is high in intensity then all of the detectors are effectively blinded before the 
isomer-related 7  rays are emitted for detection. An example of the effect of the prompt 
flash is shown in figure 4.3. The high intensity of the prompt flash also exemplifies low 
energy walk, which is discussed in section 4.6.
During an “interesting” event the situation is such th a t a desired nucleus has been 
selected, identified, implanted, has caused the release of prompt flash radiation and has 
emitted 7  rays when its metastable state decays. Random background radiation is also 
present in this system from ambient radioactive materials in the experimental area, 
these include 40K and the 238U and 232Th natural decay chains. All of these 7  rays are 
detected by the High Purity Ge Detectors (HPGe) of the RISING array.
4.4 High-Purity Ge Detectors
The RISING array is composed of 15 cluster High-Purity Ge (HPGe) detec­
tors [76]. A cluster detector houses 7 individual, closely packed Ge crystals, which 
independently detect 7  rays, this is a total of 105 crystals. During the experiment 
reported in this thesis, >  100 of these crystals were operational at any given time.
If a 7  ray interacts with the (semi-conducting) Ge crystal either photo-electric
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Figure 4.3: Example of the prompt flash due to particle implantation. The time 
scale (which uses the DGF devices) is normalised to the time of implantation. Note 
that at lower energies the flash appears broader, this is solely an artifact of the Ge 
walk effect, see text.
absorption, Com pton scattering, pair production or one of several less probable pro­
cesses occurs [6 8 ]. In explaining the functions of Ge crystals it is for now assumed th a t 
all the  energy of the initial y-ray is absorbed; i.e. only photoabsorbtion is considered. 
The result of this absorption is electron excitations, whose num ber are proportional to  
the energy of the incident 7  ray. At this point it is appropriate to  introduce the concept 
of “holes” . These are electron vacancies in the valence band of the germ anium  lattice 
and can be thought of as effective positive charges. W hen one of these excited electrons 
is promoted to  the  conduction band, as with 7 -ray absorption, an electron-hole pair 
is thought to  be “created” in the system. This pair goes on to induce the creation of 
many more secondary pairs.
At room tem perature, therm al energies are great enough to  excite semi-conductor 
electrons inside their lattice (Eroorn(rm s) ~  0.03 eV). Note th a t this is not necessarily 
the excitation of an electron within levels of a single atom  (the electrons are still strongly 
bound), but the movement of electrons to  a more excited location in the  lattice as a 
whole. This causes large contributions to  electronic noise. By reducing the tem perature  
of the semi-conductor the  number of these therm al excitations also reduce. W hen in 
use, Ge crystals are thus kept a t low tem peratures using liquid nitrogen (77 K) and
4.5 SCATTERING AND PAIR J°IIODD(7PIC)N 46
Figure 4.4: Detecting head of a cluster detector, the pictured BGO shielding was 
removed for RISING. This schematic is taken from reference [78].
therm al conduction through a copper cold finger. The cluster detectors used in the 
current work form a single detecting unit w ith one dewar and one cold finger between 
them . The detecting head thus differs from a single crystal Ge detector, the cluster 
head is pictured in figure 4.4. For the  Ge detectors in this experiment each crystal has 
a 70 mm diam eter and a length of 78 mm [77].
The energy required to produce an electron-hole pair in high voltage reverse biased 
Ge is ~  3 eV. After correcting for the Fano factor [6 8 ], incident 7  rays of ~  100 
1000 keV produce m any hundreds, even thousands of electron-hole pairs. M easuring 
the signal of a large number of pairs gives only small statistical variances in charge 
collection and hence Ge detectors offer high energy resolution ( F W H M  ~  1.5 keV).
4.5 Compton Scattering and Pair Production
Previously it was assumed th a t all of the energy of the 7  ray was absorbed in a 
single photo-electric interaction. This is not usually the  case. In instances of Com pton 
scattering or pair production it is not uncommon for only partial absorption of the 
initial 7 -ray energy to take place. In Com pton scattering the scattered 7  ray is not 
always detected by the crystal. The scattered photon has energy given by:
,  _________ £ 7__________
7 1 +  (E,7 /m 0c2) ( l  — cosO)
where P 7 and are the incoming and outgoing (i.e. Com pton scattered) 7 -ray en-
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ergies, respectively, m 0 is the electron rest mass, c is the speed of light and 6 is the 
scattering angle.
Following pair production, a thermalised positron may annihilate with an electron 
in the material, emitting two 511 keV 7 -rays. One or both of these secondary 7 -rays 
may not be detected by the crystal. In these events what are termed “single” and 
“double” escape peaks are seen in energy spectra, they are characteristically lower in 
energy than the initial by m0c2 or 2m0c2 respectively. Pair production becomes the 
dominant interaction at 7 -ray energies of 5-10 MeV but was a negligible factor in the 
current work.
4.6 HPGe Timing Resolution and the Walk Effect
There are two decisive factors in resolving 7 -ray (or X-ray) decay times [68]. 
Firstly the drift velocity of the charge carriers in the crystal is ~  105 m /s, which is 
~  100 ns/cm  of Ge crystal. Remembering the dimensions of the detector crystal from 
section 4.4, this can result in the collection time being anything up to ~  0.5 fis. The 
second im portant factor is the locality at which charge carriers are created. At the 
fringes of the active volume for detection, the collection times for electrons and holes 
are appreciably different, resulting in only one of the two particle types dominating the 
pulse rise time. There are a number of other issues affecting charge collection, includ­
ing instances of secondary 7 -ray absorptions in the crystal, localised lattice structure 
effects which trap  charge, non-saturated drift velocities and the involvement of the 
non-activated region of the crystal [68,79]. W ithout explicitly detailing these effects, 
the timing resolution of large crystal Ge detectors used in the current work is good 
enough for resolving the time difference between implant and isomer decay, but they 
cannot resolve the detection order of cascades of “promptly” emitted 7  rays.
The low-energy walk effect is another factor tha t has a strong influence on the 
gathering of timing information. When a low-energy 7  ray deposits its energy the 
ionised electron creates further electron-hole pairs over a localised area. The region 
over which electron energy is deposited for higher energy 7  rays is considerably larger. 
Additionally, lower energy 7  rays have higher cross sections for absorption and so tend 
to deposit their energy near the crystal surface, where charge drift takes longest. For 
these two reasons the time resolution for low energy 7  rays is broader when compared
4.7 ELECTRONIC PROCESSING OF 'y-RAY SIGNALS 48
to instances of high energy absorption. This effect is visualised in figure 4.3 by the 
prompt flash effect. In reality photons from the prompt flash physically occur over the 
same time interval for all energies, however it is recorded by the Ge detector to have a 
different characteristic time width depending on the 7 -ray energy. This is an artifact 
of the discussed time walk effect and is the case at any point in time, not just during 
the flash.
4.7 Electronic Processing of 7-ray Signals
Energy and timing information is recorded from the HPGe. For energy record­
ings XIA Digital Gamma Finder (DGF) modules are used [80], these devices handle 
all of the signal processing tasks tha t analog electronics classically deal with post­
preamplification. The DGF modules are also used to process the time of arrival of 
signals. There are in to tal three timing circuits in the experiment, the DGF modules 
are only one of these, the other two use Time to  Digital Converters (TDC) and analog 
electronics.
Each timing circuit differs from the other; the DGFs offer 25 ns time resolution 
with a measuring range of up to 400 fis. There is a so called “Long Range” (LR) circuit 
with 0.7629 ns resolution with a 100 fis range and finally a Short Range (SR) circuit 
with 0.293 ns resolution per channel operating for an effective range of 850 ns. For the 
LR and SR circuits a single electrical signal is passed from the Ge detector through 
a Timing Filter Amplifier (TFA) and a Constant Fraction Discriminator (CFD). The 
signal pathway is then split as it is passed to  a different TDC for each circuit.
The SR and LR circuits did not operate in an ideal fashion. Their efficiency 
was energy dependent; as the 7  ray energy reduced so too did the efficiency with the 
TDCs. This is in addition to the normal efficiency dependence of 7 -ray detection using 
Ge-crystals and is understood as being due to electronic pile up [81]. The RISING 
array achieves an efficiency of 15 % at 661 keV with the DGFs [82]. Figure 4.5 shows 
the efficiency of the array.
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Figure 4.5: Absolute efficiency of the RISING array for DGF and TDC electronic 
pathways. This efficiency was measured using the following sources: 133Ba, 152Eu, 
137Cs and 109Cd. This plot is taken from reference [83].
4.8 Experimentally Measuring Isomeric Ratios
The isomeric ratio  is defined as the num ber of times a nucleus is populated in 
a particular isomeric sta te  after prom pt decays have decayed divided by the num ber 
of times th a t nucleus is populated in to ta l [3,4]. W hen m easuring this ratio  one must 
consider several affecting factors: detection efficiency of 7  rays; internal conversion 
decays; in-flight decay of isomers; reactions post-particle identification and branching 
ratios. The isomeric ratio  is thus defined by [3]:
Y
R  =
NimPFG (4.2)
where R  is the isomeric ratio, Y  is the num ber of times a nucleus was m easured to 
decay from an isomeric state, N imp is the num ber of im planted ions, F  is a correction 
for in-flight decay losses and G is a factor correcting for the finite detection window of 
7 -rays. The to ta l isomeric yield, Y, is measured as such:
Y
fV7 ( l  +  a tot)
ee//^7
(4.3)
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N j  is the number of detected 7 -rays depopulating a state, a tot is the to tal internal 
conversion for the transition, ee/ /  is the de-detector efficiency for tha t energy and &7 
is the branching ratio between decay paths.
The factors F  and G are measured as follows:
Here A91 and A92 are the radioactive decay constants for the isomer in charge states qi 
and #2: A is the decay constant of the neutralised nucleus, TOFx and 71 the time of 
flight and relativistic Lorentz correction experienced by the nucleus in the first half of 
the FRS, respectively, and similarly TO F2 and 72 are for the second half, finally L and 
t f  are the initial and final times of 7 -ray measurement, where the scale is normalised 
such tha t £ =  0 is considered to be the time of implantation.
The charge dependency of the radioactive decay constant is as follows:
where j  refers to the number of electrons bound to the nucleus in flight and ot\ot(j) 
denotes the to tal internal conversion coefficient for all i decay paths where a tot is 
affected by the number of electrons, j ,  in the system.
When measuring an isomeric ratio, uncertainties arise from a number of the 
factors in equations 4.2 to 4.6. For isomers with half-lives up to ~  200 ns, a large 
contributing error is identifying t  =  0, the time of implantation. This uncertainty 
is considered to be 8 ns (this is the measured a(t) for the Ge detectors when using 
the SR times at 7 -ray energies >  400 keV). For these relatively short-lived isomers 
this uncertainty affects strongly the measured degree of de-population prior to 7  ray 
measurement. For cases of low 7 -ray statistics this creates knock-on errors due to 
branching ratios and half-life errors, these are large factors in such instances. When 
the statistics are higher and the isomer is long-lived enough to reduce the importance 
of the time of implantation error, the largest contributing uncertainty is from the 
unmeasured number of reactions upon particle implantation 7 .5%).
F  — exp
G — exp(—Xti) — exp(-X tf) . (4.5)
(4.6)
C h a p te r  5
P a r tic le  Iden tifica tion
5.1 M ethod of Particle Identification
Nine different settings of the FRS (see section 5.2) were recorded. Each of these 
settings pass through the same off-line processing with regards to  identifying nuclei and 
removing false events from the data. An overview of this processing is now demon­
strated. To save back-referencing when understanding the da ta  selections described 
presently, the S4 detectors are shown again, this is done in figure 5.1.
Following calibration the first step in the analysis is to  ensure event-by-event th a t 
beam-line detectors have operated correctly. For nuclei where a detector fails, events 
are considered “bad” and are rejected. Tests are performed on the multiwires (MW41 
and MW42) and also on the midfocal plane scintillation detector (Sci21).
Tim e-of-Flight
DetectorsBe Nb S2
Target Foil Degrader MW41 MW42 Degrader
Passive
Stopper
B E A M  Sci21 MU41 MU42 Sci41 Sci42 Sci43
Figure 5.1: Schematic of the S4 detector arrangement as used in the currently dis­
cussed experiment. This diagram is taken from reference [69].
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5.1 .1  R em ov in g  “B a d ” M u ltiw ire  E ven ts
The energy deposited in a m ulti wire detector by desirable particles is well de­
fined, even across the different Z  values expected to  be transm itted . Any other events 
observed by the multiwire detectors deposit a very different energy. Predom inantly 
these other events are charge collection interference from multiple fires of the detector 
or they occur due to  light ions. This is dem onstrated w ith MW41 in figure 5.2. In 
this figure the “good” d a ta  is bound by red lines and software “cuts” are made at 
these channels in the off-line analysis. Once these “good” events are selected in both 
multiwires the operation of scintillation detector Sci2 1  is checked.
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Figure 5.2: Sum charge collection in the horizontal plane of MW41. Data outside of 
the red lines in removed in the off-line analysis. These checks are also performed in 
the vertical plane and on MW42.
5 .1 .2  C harge C o llection  in S c in tilla tion  D e tec to r  Sci21
The recordings from scintillation detector Sci2 1  are checked through comparing 
the horizontal calibrated position of a particle passing through the detector against 
the raw charge collection. This is done twice, once each for the  two horizontal plane 
photomultipliers. This is shown in figure 5.3. Similarly to  the multiwire, the red lines 
indicate the da ta  which is used, the rest is removed from the analysis. It can be seen 
from the plots in the figure th a t a t the mid focus, most of the transm itted  nuclei pass 
through the left side of the beam  pipe (near the -100 mm position). Note also th a t 
most of the photons em itted during a recording are collected by the photom ultiplier
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tube which is closest to  the location of the interaction. Events which do not show this 
correlation are poorly resolved in position and so are undesirable, these are the events 
th a t have been removed.
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Position at S2 (mm)
Figure 5.3: The left and right plots respectively show the charge collection from 
the left and right photomultiplier tubes of scintillation detector Sci21 against the 
position of particle detection, respectively. Red lines encompass the selected events.
5.1 .3  S4 D egrad er R eaction s
The previous analytical selections have been concerned with ensuring the detec­
tors have operated correctly during an event. This stage of analysis is now complete, 
the next two steps continue to  remove events from the data , but this tim e for physical 
rather than  technical reasons.
W hen slowing the nuclei in the S4 degrader so th a t they may be brought to  a 
halt in the stopper, nuclear reactions (fragm entation continuing to  be the dom inant 
mechanism) take place, in this work it has been measured th a t in to ta l approxim ately 
18 % of nuclei react. This is measured between MUSIC41 and Sci42, (see section 
4.2). The S4 degrader is placed at a later stage in the beam  line than  the particle 
identification detectors. This means th a t particles which react in the  S4  degrader have 
been identified as the pre-reacted nucleus, not the  final spectroscopically m easured 
nucleus. These reacted nuclei are indistinguishable from unreacted ones when looking 
a t the identihction plots (see section 5.1.8). By m easuring the rate  of energy loss of a
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Figure 5.4: Identifying reactions in the S4 degrader by sampling A E  both before and 
after the degrader (before: MUSIC41, after: Sci42). The red line surrounds events 
which did not react, these will continue being used in analysis.
particle bo th  before and after this degrader it is possible to  observe whether protons 
are lost from the nucleus in the S4 degrader. This works due to  the  Z 2 dependence of 
electrom agnetic scattering interactions [84].
The removal of reactions is dem onstrated in figure 5.4. Specifically the figure 
enables the removal of reactions which take place in all the m aterial after the MUSIC41 
detection gas and up to  Sci42 (not just losses in the S4 degrader), however the  degrader 
is by far the  most im portant body of m aterial. A similar check can be performed 
between the two MUSIC detectors, although these reactions are encompassed within 
the comparison of MUSIC41 and Sci42. The improved accuracy in using two MUSIC 
chambers removes some bad events th a t the scintillation detectors cannot, however the 
improvement is insignificant.
5 .1 .4  T h e V eto: S c in tilla tion  D e tec to r  Sci43
The final stage for removing unwanted events from the da ta  is performed with 
scintillation detector Sci43. This is the so called “veto” detector. If a fragment does not
0 1000 2000
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stop in the stopper then the veto should observe it, allowing for it to  be removed from 
the analysed data. This also encompasses instances where the incoming nucleus breaks 
up in the stopper and light fragments from this break up continue to  the veto. The 
veto records “null” signals when particles do not reach it. These events overlap with 
the calculated to ta l losses due to  reactions for any particle im planting in the stopper, 
as discussed in section 4.3. The im plem entation of the veto detector on the recorded 
d a ta  is shown in figure 5.5.
10
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t310'
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,21 0 '
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10 250 500 750 1000 1250 1500
Sci43 charge collection (a.u.)
Figure 5.5: Scintillation detector Sci43 acts as a veto, non-zero signals indicate un­
stopped particles. Left of the red line are events when no particle is observed. Events 
right of the red line are removed from analysis.
W here possible, all of the unwanted events have now been removed from the anal­
ysis. These selections are combined and are collectively referred to  as the  “cleaning” 
conditions. All future analysis is performed subject to  this cleaning process.
5.1 .5  D istr ib u tio n  o f C harge S ta tes
Final identification of nuclei is performed with A /q  m easurements, bu t for this to  
work, the charge sta te  of each nucleus must first be understood. Nuclei with varying 
degrees of electronic stripping are transm itted  through the FRS. To quantify the  charge 
distribution of the nuclei, the case of 204F t is now presented as an example, partly  
because it is near interm ediate of the nuclei to  be discussed, but prim arily because 
it is the nucleus of most interest in this experiment. The calculated values for other 
detected nuclides are similar.
From calculation with the GLOBAL code [85] it is known th a t after fragm enting
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on the 9Be target (thickness: 2.526 g/cm 2) and the Nb backing foil (0.221 g/cm 2) the 
charge states are distributed such tha t through the first half of the FRS 204P t is split; 
93.7 % fully stripped, 6.2 % H-like (1 electron present) and 0.1 % Re-like (2 electrons 
present). Until the nuclei reach the mid focal plane they do not pass through any more 
material. Therefore the charge state does not change until the nuclei reach the mid 
focus, which typically takes ~  145 ns. Note tha t a large portion of the beam is removed 
before S2 , skewing the quoted charge distributions for the transm itted beam.
Exiting the mid focus of the FRS the distribution changes to; 76.6 % fully 
stripped, 21.6 % H-like and 1.8 % He-like (this is independent of the skew due to 
only part of the beam being transm itted in the first half of the FRS). The change in 
the distribution is due to  the lower beam energy from traversing Sci21 (0.397 g/cm 2), 
the A1 wedge degrader (~  4.500 g/cm 2) and a Nb stripper foil (0.108 g/cm 2). The 
nuclei now travel in vacuum until they exit the FRS, again the charge states do not 
change during this section of the FRS; this takes ~  165 ns. Again not all of the beam is 
transm itted and agian this skews the quoted charge state distributions. Note th a t these 
further charge state distribution calculations have also been made with the GLOBAL 
code [85].
The equilibrium charge state distribution for highly relativistic 204P t nuclei (E /A  = 
400 — 800 MeV) is reached after traversing ~  0.470 g/cm 2 of A1 (equilibrium depths 
are calculated using the CHARGE code [85]). The total material traversed at the mid 
focus is 5.000 g/cm 2, this is 10 times the required material for equilibrium. Because 
the electrons change charge state such a large number of times, their incoming and 
outgoing charge states can be considered independent of each other. Given this, it is 
easy to calculate all permutations for the charge, ç, of 204P t across the entire FRS, up 
to the Ti exit window. This has been done and the results are presented in table 5.1.
By calculating from the table, the non-charge state changing nuclei (Aq  — 0) are: 
98.2 % fully stripped of their electrons, 1.8 % H-like and 0.002 % He-like. Calculating 
again for Aq =  -1 the selection is more pure, 99.5 % of nuclei change at the mid focus 
from a fully stripped to  a H-like state and 0.5 % change from H-like to  He-like. Note 
tha t these values do not account for deliberate cuts in the beam ’s transmittence, thus 
they represent the “worst case” limit. These charge state distributions are im portant 
for the next stage of anaylsis, which is a selection on Aç.
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Table 5.1: Calculated distribution of 204Pt charge states along the FRS. This assumes 
no cutting of the secondary beam, see text for details.
Proportion in 1st half of FRS Proportion in 2nd half of FRS
Fully stripped 
93.7%
Fully stripped  
(93.7 x 0.766) =  71.8 % 
H-like 
(93.7x 0.216) =  20.0 % 
He-like 
(93.7 x 0.018) =  1.7 %
H-like
6.2%
Fully stripped  
(6.2 x0.766) =4 . 7%  
H-like 
(6.2 x 0.216) =  1.3 % 
He-like 
(6.2 x 0.018) =  0.1 %
He-like 
0.1 %
Fully stripped  
(0.1 x 0.766) =  0.08 % 
H-like 
(0.1x0.216) =  0.02% 
He-like 
(0.1 x 0.018) =  0.002 %
5.1.6 Charge State Identification
One is able to measure the magnetic rigidity, Bp, of each particle across the first 
and second halves of the FRS. The field strength, B,  of all four magnets is recorded. 
However the radius, p, tracked out by each particle is not the same. In the second half 
of the FRS it is possible to determine the p subtended by each particle through using 
the S2 and S4 measured positions. In the first half of the FRS there is no position 
measurement at the target and it is assumed tha t the primary beam is correctly focused 
on the centre of the beam line. The magnetic rigidities, Bp, in the first half (Bpi*)
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and second half (Bp2nd) of the FRS are given by:
(S2X — Map(i_2) x 1) (Bi +  B2) {p\ +  P2)
B ^  = 1  D i s ^  2 ' W
(54x — Mag^s-4) x S2X) (B3 +  B4) (p3 +  /04)
Bp2nd =  1 ------------------- o * S(3- 4) —  — r -  (5'2)
In equations 5.1 and 5.2 the beam image magnification coefficient and the momentum
dispersion coefficient are Mag  and Dis, respectively [86]. Their values are constant
(Mag  =  1.118 and D is =  7.239 mm); the pi quoted is the radius of the central path 
through the dipole magnet; the subscripts 1-4 denote the magnet number index and 
S2X and S4X are the positions of the particle at the beam focal point.
It is appropriate to derive the dependency of A /q  and B p  on each other as this 
is necessary in understanding the A B p  parameter. Furthermore it is necessary for the 
next stage of analysis in understanding how A /q  is experimentally measured.
The starting point is to equate the force, F, on a particle due to a magnetic field 
(equation 5.3) with the force felt by a particle in circular motion (equation 5.4).
F  = q(v x B)  (5.3)
jp v
F  = ----- (5.4)
P
From these equations the vector notation can be dropped for simplicity; the velocity, 
v, is next substituted for v = c/3; the momentum is written in terms of mass, m, and 
velocity; the mass is again re-written in terms of the atomic number, A, and the atomic 
mass unit (a.m.u.), u =  931.5 M eV /c2', the charge, q, is the degree of ionisation of the 
nucleus. By rearranging and making substitutions the final equation is given by;
A 931.5 x IQG
B p = 7— (3 —-— . (5.5)
q c
The value of AB p,  is calculated from equations 5.1 and 5.2. All nuclei change their 
value of Bp  by a considerable amount traversing the S2 degrader (again using 204Pt; the 
incoming energy is E / A  = 840 MeV and the outgoing is E / A  =  480 MeV [46]). The
large energy loss affects (3 (and implicitly to a lesser degree, 7). This change in B p  is
not of direct interest, what matters is the relative change in Bp  between each particle. 
The S2 degrader is angular as described in section 3.4.6. Depending on the setting its
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angle is ~  5.5 mrad. At the extremes of momentum for a nuclear species the largest 
difference in depth of material traversed by any two particles is ~  0.1 mg/cm 2 (this is 
the maximum realistic difference in the variable “e” from equation 3.3). Calculation 
is now made from the difference in energy loss, converting it into a A /3 value (as 
A/3 oc A B p,  as shown by equation 5.5). The result implies tha t the maximum difference 
in the change in B p  between any two 204P t particles has a  ratio 1 : 0.9966 for the path 
of least material to the path of most material traversed, respectively.
W ith tha t ratio in mind, consider again the difference in A B p  for two 204P t 
particles. This time both are fully stripped entering the mid focal plane and both pass 
through the same amount of material, one exits still with zero electrons attached to it 
and the other is now in a H-like state. Equation 5.5 shows A B p  oc 1/Aq, the ratio of 
change in B p  between them is 1 : 0.987, respectively for the H-like to fully stripped 
nucleus. A comparison of these two ratios highlights tha t the parameter dominating 
the relative difference in A B p  for particles of the same species is not the momentum 
spread but is a change in the charge state of the particles before and after the mid 
focal plane. Even at the extremes of momentum difference the charge states are purely 
separated.
a 2500
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Figure 5.6: Measured charge state separation of 204Pt nuclei from the current work.
The width of the peaks relates to ABp  due to momentum spread while each separate 
peak refers to different Aq, see text for full details.
Looking at ABp{= Bpist — Bp2nd) aids the differentiation of charge states. Fig­
ure 5.6 shows the charge state separation of 204Pt, which has just been described. It 
is im portant to  emphasise tha t the sensitivity of the selection is to changes in the
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Figure 5.7: Charge state identification. There is a threshold of 2 counts per pixel 
applied to this plot. This data is taken from the 203Ir setting, see text for detail.
charge sta te  of the m easured nucleus, it is not an absolute measurement of the  charge 
state. There is only limited selectivity in this param eter between nuclei which are fully 
stripped across the  entire FRS compared with nuclei which are H-like also across the 
entire FRS. Both of these cases are Aç =  0 events, one must rely only on the differ­
ences in energy loss due to  depths of m aterial traversed at S2 , which differ due to  their 
incoming position th a t has been governed by the different Bpist values. W ith  detailed 
calibration corrections, this can be achieved to  a useful degree, however this selection 
has not been necessary for the current work.
The charge selection of one of the FRS settings is shown in figure 5.7. The 
N B p  param eter has now been used in conjunction with N E  m easurem ents m ade by a 
MUSIC chamber. This allows Nq  =  —1 ,0, + 1 , + 2  events of all elements to  be selected 
simultaneously. Fortunately changes in N B p  for different isotopes of an element are 
significantly smaller than  the changes due to  Nq. This means transm itting  num erous 
isotopes of an element does not interfere with the selection process when using th is 
“all-in-one” selection plot.
Although the absolute charge state  of the  nuclei is not measured, changes in
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charge states are adequate for m aking a charge sta te  identification. This is true  due to 
the high level of stripping of the beam  in the first half of the FRS. As dem onstrated 
in section 5.1.5, of all of the A q = 0 nuclei 98.2 % of them  are fully stripped and only 
1.8 % are H-like (without accounting for artificial cuts on the beam  transm ission). To 
first order it can be assumed th a t for A q = 0 nuclei q = Z . It will be seen later (see 
section 5.2) th a t the  H-like and even the He-like contam inations are still a measureable 
issue, but these can be identified and dealt with.
5 .1 .7  S ep aratin g  E lem en ts
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Figure 5.8: Element selection by using MUSIC chambers. This data is taken from 
the 203Ir setting.
It is interesting to observe the selectivity on Z. The A E  param eter from the  MU­
SIC chambers has already been used to select charge states, but it is worth discussing 
in itself. The responses of the two MUSIC chambers have been plotted in figure 5.8. 
As sta ted  earlier (section 3.4.7) the MUSIC chambers measure the qef f  (oc Z 2). The 
m aterial traversed between the Ti FRS exit window (0.09 m /cm 2) and a selection of 
other m atter (including: glass, air, Mylar and kapton) means the particles have already
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travelled through 0.166 g/cm 2 of material before the A E  measurement. The charge 
state equilibrium for Ti would be reached after ~  0.25 g/cm 2 of material. This means 
tha t the identified charge states are largely disassociated before MUSIC measurements 
begin. Hence the measured çe/ /  is near independent of in-flight charge states. Cer­
tainly it is independent for MUSIC42, which is positioned after MUSIC41 and a Nb 
stripper (i.e. a lot more material). When both chambers are operating to  an equal 
level the best resolution is achieved by combining their responses. In this experiment 
this was not the case, the best resolution comes from using MUSIC41 alone.
5.1.8 N uclide Selection
One is now able to analyse each ionic charge state group independently. For each 
ionic charge state group a different nuclide identification plot is needed. One such 
identification plot is shown in figure 5.9 (right). The identification uses the particle 
A /q  ratio. This is extracted by a rearrangement of equation 5.5 and using measured 
ToF, magnetic rigidity and positions in the second half of the FRS. The A /q  ratio is 
plotted against the position of the particles at the 84% focal position, this is where the 
beam reaches its optimum focus. The achromatic nature of the beam following the 82 
wedge strongly correlates the postion of particles with Z  for any given charge state. 
This is a result of particle position being determined by B p lst and the varying thickness 
of the 82 degrader across the horizontal plane. Figure 5.9 (left) is the same nuclide 
identification plot but without charge state selection. W ithout the charge selection 
there is an ambiguity over the identification process; compared with the Aq =  0, many 
nuclei are ç ^  Z  throwing doubt over the A of any given A /q  and highlighting the need 
for charge state selection.
A combination of gating on the charge state selection plot and the nuclide se­
lection plot unambiguously identifies particles. Following selection of “clean” events, 
charge states and individual nuclides, spectroscopic measurements are made.
5.2 Details About the FRS Settings
During the experiment the FRS magnets were tuned to 9 different settings. In 
each case the 82 degrader achromacity angle and the 84 degrader thicknesses were also
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Figure 5.9: Nuclide selection. Left : all charge states are plotted. R ight : only fully 
stripped (q = Z) nuclei are included. There is a two count threshold per pixel applied 
to both of these plots. This data is taken from the 203Ir setting.
adjusted to  optimise selection, identification and particle stopping position. The da ta  
presented in this thesis investigates 6  of these settings. They are each named 206Hg, 
203Ir, 202Os, 1990 s , 192W  and 185Lu. In all settings the m agnets and degraders were 
tuned to  focus on the (fully stripped) nam ed nuclide, passing it through the centre of 
the FRS.
For the benefit of those w ith a more detailed interest in the specifics of the  FRS 
settings, a sum m ary table has been compiled (Table 5.2) including inform ation for all 
of the six settings. Chronologically the different settings were run in the following 
order, beginning w ith the earliest in time: 206Hg, 203Ir, 202Os, 192W, 1990 s , 185Lu.
In table 5.2 note th a t the thickness of the  S2 degrader is exclusive of the  other 
m aterial at the S2 location of the  FRS. Their are two other objects in the  beam  
line, they are a scintillation detector (Sci2 1 ), this is 0.350 g /cm 2 thick for the  first five 
settings and 0.343 m g/cm 2 thick for the 18dLu setting (the original scintillation detector 
was damaged and replaced for th is setting). The second other m aterial a t S2  is a Nb 
stripper, this is 0.108 g /cm 2 thick. The quoted thicknesses of the S2  degrader are the  
dialled thicknesses, not the actual ones.
Also note th a t the average spill period is defined as the tim e between the s ta rt 
of one spill until the s ta rt of the  next. The spill length is the  tim e span over which the 
spill particles are transm itted  from the SIS-18 to  the target. In all cases the stopper 
was made of perspex.
All charge states Aq=0 nuclei (q=Z)
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5.3 The Identified Nuclei
Identification plots have been produced for all of these settings in all of the trans­
mitted charge states, they are shown in figures 5.10 to 5.16. Note th a t in figure 5.10 
(top left) tha t the charge state separation is not as clear as for the other settings. This 
is a common problem when focusing on nuclei (in this case 206Hg) near the primary 
beam nucleus (208Pb). One has to  set the slits very narrowly in such settings to  stop the 
non-fragmented primary beam particles transm itting, as these have very high intensity. 
It is plausible due to the narrow slit width tha t scattering off the slits is interfering 
with the beam optics.
For the plots in figures 5.11 to 5.16 the labelling assumes: for Aq = 0 —> q = Z; 
for Aq — —1 —» q — {Z — 1); for Aq — —2 —► q =  (Z — 2); for Aq  =  + 1  q = Z. 
As stated in section 5.1.5, this assumes tha t all nuclei are fully stripped in the first half 
of the FRS, however the assumption is not always true (it is indicatively not true for 
example of the Aq  =  + 1  charge states). In other cases where the nucleus is not fully 
stripped in the first half of the FRS it has been stated. Notice tha t although only a 
small fraction of the total beam is not fully stripped (6.3 %), due to the A /q  shift for 
( Z — 1) and (Z -  2) nuclei, less exotic, higher cross section nuclides are observed in 
measureable quantities.
There are a handful of instances (all in the 206Hg setting due to  the charge se­
lection being imperfect) where nuclides of a given q have been split over two charge- 
state plots by the charge gating. These instances are: 20QT \ H_He), 202_3Hg(iî_iî) and 
205—206Hg(Ag=o). The notations H  and H e  indicate H-like and He-like nuclei, respec­
tively. Their order describes the charge state for the first and second halves of the 
FRS, respectively. Later F  will also be used, indicating tha t a nucleus is a bare, fully 
stripped, ion. This notation will become standard for the remainder of this document. 
These cases of cutting nuclide particle identifications in two sections are confirmed by 
7 -ray spectroscopy and by their having identical S4æ positions and A /q  values on the 
Ag =  0 and Aq  — —1 plots. The case of 206TI was particularly affected, its species is 
known only because of the observed 7  rays, which were used to  unambiguously identify 
decays from 206T1 ions (see section 6.4.1) Once the nuclide was identified by its 7 -ray 
transitions, it was then possible to identify the charge state through atomic number 
and measured A/q.
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Figure 5.10: Charge state identification plots for the six FRS settings. The settings 
are named by their fragment of focus, this is written within each plot.
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Figure 5.11: Particle identification for the 206Hg setting. Nuclei differing from the 
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charge state plots for the 206Tl(iy_j?/e), 202,203H g ^ # )  and 205’206Hg(F_F) nuclei.
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Figure 5.12: Particle identification for the 203Ir setting. Nuclei differing from the 
assumed charge state of each Aq have their individual charge state noted.
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Figure 5.13: Particle identification for the 202 Os setting. Nuclei differing from the 
assumed charge state of each Aq have their individual charge state noted.
Po
sit
ion
 
at 
S4
X f
oc
al 
po
int
 (
m
m
)
5.3 THE IDENTIFIED NUCLEI 70
100-
50- : M
Au
o-
' p t - ^ ”
-50" • •
■ lr
100- 1,
O s - f
= -1 nuclei selected
2Ô1I2Q2
320020!198i129.
Aq= -2 nuclei selected
Au
Pt
205Ü*j-
■!“ s2ÔI203“-
1 0 0
50
0
-50
■100
Aq= 0 nuclei selected Aq= +1 nuclei selected
MF
1201 2ô m ; '2044
2.55 2.60 2.65 2.70 2.55 2.60 2.65 2.70
A/q
Figure 5.14: Particle identification for the 1990s setting.
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Figure 5.15: Particle identification for the 192W setting.
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Figure 5.16: Particle identification for the 185Lu setting.
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All of the nuclides which have been labelled by atomic mass in the identifica­
tion plots have had their correlated 7  rays examined with the RISING array. In cases 
where isomeric states have been detected, the nuclide is discussed in the following 
chapter. The number of nuclei implanted for each nuclide has been counted specif­
ically for isomeric ratio measurements, but also as a gauge to the reader regarding 
the feasibility of spectroscopic measurements in the present work and lastly it gives 
a quantitative estimate, if not a formal measurement, of the relative production cross 
section for the more exotic of the identified nuclei. W ith regards to the identification 
plots (figures 5.10 to  5.16) the colour scales are relative within each plot of each figure, 
no cross-comparison can be made of the intensities. The numbers of nuclei implanted 
have been counted (see Table 5.3) by their individual charge states (as this is necessary 
for isomeric ratios) and the total nuclei implanted is also noted. Counting errors were 
assumed to follow Poisson statistics (A N  =  \Z/V) and are noted in the brackets. Re­
garding the lower limit of the counting error, the calculated losses upon implantation 
in the stopper have not been included in this table (see section 4.3 for details on these 
losses).
There is still some doubt over the accuracy of counting. The \Z/V error used may 
not be a fair assumption as numerous detectors are involved in detecting each individual 
nucleus. Also, there is a background across the identification plots due to  imperfections 
in the scintillation detector Sci21 “good” charge collection gating. This background 
tends to  be larger at locations where large cross section nuclei are transm itted. For 
some cases it might be comparable with the total number of nuclei implanted, this has 
not been quantified.
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Table 5.3: Number (in thousands) of implanted nuclei from all six of the experimental 
settings combined. In each case the charge state of the nucleus in the first half and 
second half of the FRS is named. The convention runs such that nuclei are F, H  
or He corresponding to zero electrons, one electron or two electrons attached to the 
nucleus, respectively.
Nuclide
Thousands of implanted nuclei (all settings combined)
Total F - F F - H F - H e H - F H - H H - H e
206<p2 85.9(3) - - - - - 85.9(3)
202Hg 1 2 .2 (1 ) - - - - 1 2 .2 (1 ) -
203Hg 142.4(4) - 13.9(1) - - 128.2(4) -
204Hg 51.7(2) - 2.55(5) 40.7(2) 8.35(9)
205Hg 417.0(6) 339.5(6) 77.5(3) - - - -
206Hg 1717.7(13) 1393.0(12) 323.9(6) - - - -
200Au 2.14(5) - - - 2.14(5) - -
2 0 1  Au 2.70(5) - - 2.70(5) - -
202Au 60.5(2) 60.5(2) - - - - -
203Au 402.0(6) 402.0(6) - - - - -
204Au 133.3(4) 35.1(2) 61.2(2) 38.9(2) - - -
205Au 337.3(6) 6.06(8) 303.8(6) 32.2(2) - - -
206Au 19.7(1) - 19.7(1) - - - -
197P t 7-4(9) - - - 7.4(9) - -
198P t 24.3(2) - - - 24.3(2) - -
199P t 8.84(9) 4.0(6) - - 4.9(7) - -
200P t 64.7(3) 63.0(3) 1.70(4) - - - -
201P t 68.1(3) 42.8(2) 24.9(2) 1.05(3) - 0.46(2) -
202P t 387.5(6) 200.2(4) 148.2(4) 4.16(7) - 2.03(5) -
203P t 319.1(6) 216.9(5) 98.6(3) 5.27(7) - 0.63(3) -
204P t 92.3(3) 67.0(0.3) 25.2(3) 0.65(3) - 0 .1 1 (0 .0 1 ) -
2 °5pt 1.35(4) 1.35(4) - - - - -
194I r 1.68(4) - - - 1.68(4) - -
195I r 7.96(9) - - - 7.96(9) - -
Continued on Next Page...
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Table 5.3 -  Continued
N uclide
T h o u san d s  o f im p la n te d  nuclei (all se ttin g s  com bined)
T o ta l F - F F - H F - H e H - F H - H  H - H e
1 9 6 jr 3.12(6) - - - 3.12(6) -■
197I r - - - - - -
198I r 51.3(2) 28.0(2) 22 .0(1) 0.38(2) 1.28(4) -
1 9 9 jr 358.3(6) 250.9(5) 106.8(3) 1.09(3) 0.69(3) -
200I r 353.6(6) 274.1(5) 79.2(3) 1.02(3) 0 .22(2) -
201I r 165.0(4) 135.2(4) 29.8(2) 0.45(2) - . -
202I r 35.5(2) 30.1(2) 4.62(7) - - -
203I r 8.00(9) 7.10(8) 0.906(3) - - -
191Os 0.43(2) - - - 0.43(2) -
192Os 2.26(5) - - - 2.26(5) -
193Os 2.05(5) - - - 2.05(5) -
194Os 1.13(3) - - - 1.13(3) -
195Os 22.3(1) 15.1(1) 5.86(8) - 1.33(4) -
196Os 121.4(3) 96.9(3) 23.5(2) - 1.00(3) -
197Os 158.7(4) 134.3(4) 23.9(2) 0.56(2) -
198Os 77.8(3) 66.1(3) 11.7(1) - - -
199Os 28.6(2) 25.5(2) 3.12(6) - - . -
200Os 6.28(8) 5.76(8) 0.52(2) - - -
201Os 1.39(4) 1.39(4) - - - -
202Os 0 .02(1) 0 .02(1) - - - _
191R e 2.37(5) - - - 2.37(5) -
192R e 23.0(2) 16.1(1) 1.91(4) - 5.00(7) -
193R e 90.4(3) 77.9(3) 9.5(1) - 2.95(5) -
194R e 101.2(3) 92.0(3) 9.2(1) - - ~
195R e 60.8(2) 55.7(2) 5.11(7) - - -
196R e 14.4(1) 12.4(1) 1.94(4) - - -
197R e 5.53(7) 5.53(7) - - - -
198R e 0.71(3) 0.71(3) - - - -
Continued on Next Page...
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Table 5.3 -  Continued
N uclide
T h o u san d s  o f  im p la n te d  nuclei (all s e ttin g s  com bined)
T o ta l F - F F - H F - H e H - F H - H  H - H e
1 8 8 ^ /- 3.66(6) - - - 3.66(6) -
1 8 9 ^ 11.1(1) 5.54(7) - - 5.53(7) -
190W 30.4(2) 24.8(2) 0.89(3) 4.72(7) -
191W 36.5(2) 31.7(2) 2.65(5) - 2.08(4) -
1 9 2 ^ 20.9(1) 19.0(1) 19.5(4) - - -
1 9 3 ^ y 9.4(1) 0.82(9) 1.20(4) - - -
194'VV 2.87(5) 2.65(5) 0 .22 (2) - - -
185 T a 1.09(3) - - - 1.09(3)
186T a 3.57(6) 1.98(5) - - 1.59(4) -
187T a 10.6(1) 9.1(1) 0.32(2) - 1.27(4) -
1S8T a 14.5(1) 13.0(1) 0.71(3) - 0.78(3) -
189Ta 9.1(1) 8.55(9) 0.56(2) - - -  -
190T a 3.89(6) 3.61(6) 0.28(2) - - -
191T a 0.26(2) 0.15(1) 0 .10(1) - - -  -
1S2H f 0.49(2) - - - 0.49(2) -
183 H f 3.01(4) - - - 1.94(4) -
184H f 5.38(6) 2.12(5) - - 1.91(4) -
185H f 7.14(8) 5.04(7) 0 .21 (2 ) - 0.94(3) -
186H f 5.16(7) 4.93(7) 0.24(2) - - -
1S7H f 2.89(5) 2.75(5) 0.14(1) - - -
188 H f 1.16(3) 1.16(3) - - - -
181Lu 0.43(2) 0.43(2) - - - -
I82Lu 1.32(4) 1.32(4) - - - -
183Lu 1.19(4) 1.19(4) - - - -
184L u 0.66(3) 0.66(3) - - - -  -
185Lu 0.29(2) 0.29(2) - - - -
1T9Y b 0.58(2) 0.58(2) - - - -
1S0Y b 0.66(3) 0.66(3) - - - -
Continued on Next Page...
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Table 5.3 -  Continued
Nuclide
Thousands of implanted nuclei (all settings combined)
Total F - F  F - H  F - H e  H - F  H - H  H - H e
181Yb  
176Tm  
177Tm  
1 7 8  Tm
0.33(2)
0 .1 0 (1 )
0.17(1)
0.14(1)
0.33(2) - - - - - 
0 .1 0 (1 ) - -
0.17(1) - - - - 
0.14(1) - - - - -
Chapter 6
Gam m a-ray Spectroscopy and 
Interpretation
6.1 Confirming the Identification
The nuclei have now been separated, selected and identified preliminarily by their 
A /q  values. Due to the complexity of the calibrations involved in the identification it 
is im portant to confirm it with “known” cases. This means implanting and measuring 
nuclei tha t exhibit the decay of previously reported isomers with a suitable lifetime.
Chronologically, the first experimental setting focused on 206Hg and this nuclide 
is one such “known” case [31,87,88]. When selecting the nuclei identified as 206Hg(jr_jr) 
7 -rays are observed by the RISING array. In figure 6.1 these are shown as a matrix of 
energy versus time. The observed 100, 364, 1034, 1068, 1157 and 1257 keV 7  rays are 
consistent with reports on this nuclide from previous experiments [31,87,88]. Figure 6.1 
shows two isomers of different lifetimes, which is as expected. Detailed analysis of this 
nuclide is presented in section 6.4.2, but for now it is sufficient to have established th a t 
the particle identification procedure is correct.
Confirming 206Hg does not test all of the calibrations. As it is the nuclide of focus 
for its setting it travels centrally and at a tangent to  the horizontal (and vertical) plane. 
This means measurements such as extrapolating particle positions at the S4 focal point 
and the normalisation of the MUSIC chamber responses for particles transm itted at 
non-central ^-positions are not properly tested. W ith differing degrees of influence, 
the calibrations of A /q , A E  and 54x are affected. In the 203Ir setting 2°2F t ^ . ^  was
,s
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not transm itted  centrally with respect to the horizontal plane. An isomer has been 
previously reported in this nuclide [54]. Investigating this isomer in the current da ta  
tests the position correction calibrations. The observed 7  rays from the selected nuclei 
are presented in figure 6.2. The result is consistent with previous findings [54].
1500"
500"
364
0 5 10
Time ( j is )
Figure 6.1: A plot of 7 -ray energy vs. detection time (DGF) after implantation for 
nuclei identified as 206Hg(F_F). This plot is subject to a 3 count threshold.
As one continues to  make such calibration checks for each setting and each charge 
sta te  w ithin each setting, the accuracy of the  calibrations exhibits significant variation. 
The variances are not so large th a t they are a critical issue, however they do make it 
necessary to  confirm all the identification plots individually. This eventuality was an­
ticipated. The reader will find from close exam ination of figures 5.11 to  5.16 th a t all 
settings and charge states either contain a nucleus w ith a previously reported isomer 
(see figure 1 .1  as a guide); or alternatively the identification plot contains an isomer, 
which has been unambiguously identified elsewhere in th is currently described experi­
ment. These such instances will become apparent following the coming discussions in 
section 6.5, where isomers identified for the first tim e in the current work are detailed.
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Figure 6.2: A plot of 7 -ray energy vs. detection time (DGF) after implantation for 
nuclei identified as 202P t ^ _ Fp
6 .2  Combining the Data Sets
The identification plots (figures 5.11 to  5.16) overlap with respect to  nuclides 
implanted for m easurement. The transmission of varying charge sta tes has amplified 
this. It is interesting to note th a t despite the overlap of the 22 different identification 
plots, 197Ir was beyond the acceptance w idth of the FRS in all cases. The surrounding 
Ir isotopes and the neighbouring elements have all been populated and studied in 
the present work. There are instances where 197Ir is very close to  being transm itted , 
however analysis has shown th a t the candidate da ta  is actually noise.
W hen implanted, atom s neutralise w ith electrons from the stopper. Therefore 
isomer spectroscopy following im plantation is independent of in-flight charge states. 
All of the 7 -ray information for a single nuclide from different settings and all charge 
states can be, and has been, combined into a single spectrum . This cannot be done 
when studying the spin population distribution of the fragm entation reaction through 
isomeric ratios [3,4]. Differing in-flight charge states affect decay rates of nuclides 
while traversing the FRS. For isomeric ratio  m easurem ents single charge sta tes have 
been combined from all the FRS settings, but each charge sta te  is examined separately. 
Strictly speaking the distance travelled and hence tim e spent by the same nuclide in
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the same charge state from two different FRS settings is different, but only by a few 
nanoseconds; this effect is neglected. In the data there are cases of nuclides tha t have 
both been populated initially fully stripped changing to H-like after the mid focus, 
(F — H), and the reverse case of H-like changing to fully stripped, (H — F). The 
time-of-flight for the first and second halves of the FRS are similar (ToFpt ~  150 ns 
c.f. ToF2nd ~  170 ns). To reduce the error from counting statistics these two different 
in-flight charge states have been approximated to be synonymous and so their data  has 
been combined.
From all of the nuclei populated for measurement in this experiment, those which 
have been observed to decay isomerically are discussed in the following two sections. 
Discussion will begin with isomers tha t have been measured previously followed by 
isomers th a t have been observed for the first time in this work. In each of these two 
sections the nuclei will be discussed in order, from the largest Z  to the smallest and 
then by heaviest to lightest isotope. At the start of the discussion for each nuclide a 
full break down of the settings from which the statistics have been gathered are stated.
6.3 A Problem with the 206Hg and 203Ir Settings
Before beginning the spectroscopy discussion, an electronic problem encountered 
on the experiment needs to be discussed. The FRS settings focused on 206Hg and 203Ir 
were the first two to  be recorded. At this point in time the Digital Gamma Finder 
(DGF) modules were set to record 7  ray information for their supposed maximum 
time range, 500 fis, following implantation. Due to  a bug in the internal software of 
the devices they actually operated for a range of only ~  85 fis. This was realised only 
after recording data for these two settings. At this stage the modules were corrected 
for the remainder of the experiment so tha t they operated for up to 380 fis, which was 
the maximum actually achievable.
In cases where a nuclide is populated in the 206Hg or 203Ir settings and one or 
more others this issue limits the analysis to either taking the full statistics for 85 fis or 
some of the statistics for 380 fis.
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6.4 Spectroscopy of Previously Reported Isomers
Most of the nuclei have been analysed in the same fashion, with a few sta ted  
exceptions. The first nucleus to  be examined, 206T1, includes an explanation of the 
analysis method.
6.4 .1  E xem p lify in g  th e  A n a lysis  M eth od : 206T1
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p lan ted
2°GHg H_like -»  He-like 85,924
This nuclide was transm itted  in (H  -  H e) charge states. The proportion of the 
secondary beam  particles with this m any electrons is small, but in th is case this is 
balanced by the large production cross section of this less exotic nucleus. On the 
identification plot (figure 5.11 (top left)) this nuclide deviates from the expected dis­
tribution pattern , which is a strong indication th a t it has different charge properties to 
the other nuclei on the plot. It has already been discussed th a t this nucleus has been 
unavoidably carved into two parts when selecting charge states (see section 5 .2 ), both  
parts of this da ta  have been combined together now.
(5+) - i - n  ,-78(1) ns
453
4~ -
686 
2~  -
266
0 i
1139
604
-  (S")
801
-  2.2(1) ns
- g.s.
Figure 6.3: Partial level scheme for 206TI. Relative widths of parallel decay branches 
indicate the intensity of branches of decay. The decay scheme is taken from refer­
ence [89]
Two isomers have previously been reported in 206TI (see figure 6.3). These are 
an I n =  2~ isomer with a m easured half-life of 2 .2  ns and an H  =  5 + isomer with 
a half-life of 78 ns [89]. Notice th a t although the I n = 2~ s ta te  is isomeric, it is too
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short-lived to be observed without the presence of the P r =  5+ state in the present 
work. It has been considered to  decay immediately following the / 7r =  5+ state in the 
current analysis.
The 7  Rays and how they are Selected
When producing a 7  ray energy spectrum for any of the nuclei presented in this 
thesis both the Short Range (SR) and Digital Gamma Finder (DGF) times are consid­
ered. They are each plotted against the 7 -ray energies (2?7). The DGF modules record 
7 -ray emissions for up to 380 fis with 25 ns resolution, the SR devices record for up to 
850 ns with 0.293 ns resolution (note tha t the SR efficiency is reduced proportionally 
with reducing 7 -ray energy, see section 4.7 for details). It has been found from the 
analysis tha t the isomers with half-lives up to ~  175 ns are better observed using the 
SR devices due to their finer temporal resolution, in spite of their reduced efficiency 
at low energies. At 100 keV with the DGF modules it has been measured in this work 
tha t the prompt flash has a F W H M  of ~  300 ns. Transitions from isomers of half-lives 
similar to or less than 75 ns cannot at all be separated from the prompt flash when 
using the DGF devices.
Examples of E 1 versus time DGF matrices have already been shown in figures 
6.1 and 6 .2 . For completeness a matrix of E 7 versus time (SR) is now presented for 
206T1. W ith the improved temporal resolution of the SR, one is able to greatly reduce 
the apparent width of the prompt flash. The full width half maxima of the flash with 
SR devices is ~  20 ns at energies > 400 keV. Keeping this width as small as possible 
is critical in observing the shortest-lived of the observed isomers from this experiment.
A region can be selected from the 7 -ray energy vs. detection time m atrix plots 
(such as the red line indicates in figure 6.4) which is used to optimise the observation 
of isomer transitions when projecting the data on the energy or time axes. This region 
has been determined by eye. Due to the Ge time walk effect, in cases where the isomer 
is short-lived, such as here for 206T1, the initial time channel is energy dependent. 
The asymmetric polygon allows for the removal of the entire prompt flash even at 
low energies, where the walk effect distorts the time axis. The 7 -ray energy spectrum 
associated with this nuclide (figure 6 .6) is a direct projection from the red region.
When making timing measurements, such as the inset plot in figure 6 .6 , the same 
red polygon region as for the energy spectrum is used, there is now an additional se-
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Figure 6.4:  A plot of 7 -ray energy vs. time (SR) after implantation for 20QT l( H - H e ) -  
The red line indicates the region of data used for analysis, see text.
lection on the 7 -ray transition  energies; for tim e measurem ents the initial tim e channel 
must be the same for all of the 7 -rays. A background subtraction is made on this 
selection. Due to the nature of this experiment, the statistics are few when performing 
7 -ray analysis (typically ~  hundreds to thousands per spectrum ). To ensure a low 
variance from the background subtraction, regions both  directly higher and lower in 
energy than  the transition  energy and usually each 5 tim es wider th an  the transition  
energy peak, are selected. This is the background region for each transition. It is 
normalised and then it is subtracted  channel by channel from the tim e curve of the 
7  ray peak. E rror bars are assumed to  be Gaussian in each channel ( V N )  and are 
combined in quadrature for the peak and background d a ta  regions. An example of this 
technique (taken from the d a ta  for 206T1) is shown in figure 6.5. The resulting tim e 
curve is m easured by the “least squares” fitting procedure. The shortest-lived of the 
isomers observed in this work have half-lives comparable in m agnitude to  the  width of 
the F W H M  of the Ge detectors. These isomers have been fitted in an identical way 
to all of the other isomers m easured in this work (i.e. by a pure exponential decay). 
In section 6.4.9 the previously reported H  =  7~ isomer in 200P t is used as an example 
to  justify the validity of this approach in place of an exponentially modified Gaussian 
decay curve.
The Ge walk effect must be considered for the  shorter-lived isomers. For 7 -rays
200 
Time (ns)
400
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Figure 6.5: Example of the technique for extracting isomer half-lives. The 266, 453 
and 686 keV transitions of 206T1 are used here. The black curve is the data for the 
transitions plus the background; the red curve is the normalised background region.
approximately >  250 keV the time data can be combined. For lower energies the time 
distortion effects from walk require tha t the time curves each be measured separately. 
Whenever a time curve is presented in this thesis the y-rays used to produce it are 
stated in the figure caption to ensure clarity. For long-lived isomers the time distortion 
due to the walk is negligible. Better statistical accuracy for time measurements is 
achieved by combining the data of all transitions in these cases.
The described process for extracting 7 -ray energies and associated decay times 
has been used to produce figure 6 .6 . The 7 -rays associated with 206TI observed in 
this work are consistent with previous measurements [89]. Observed are a 266, 453 
and 686 keV transition; the previously reported weak competing branches are not. In 
this experiment the isomer half-life has been measured to  be Ti/ 2 =  71(4) ns. This is 
consistent with the accepted value of Ti/2 =  78(1) ns [89].
0 250  500 750 1000  1250
Er (keV)
Figure 6.6: Gamma rays associated with 206TI using the DGF devices. The inset 
decay curve comes from all three 7-ray peaks.
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T h e  C o n d itio n s  for M easu rin g  a n  Iso m eric  R a tio
Where possible, isomeric ratios have been measured. This can be limited when 
the decay scheme, internal conversion coefficient or transition multipolarity are not 
known to sufficient detail. The isomeric ratio is measured separately for each of the 
transm itted charge states. In this 206T1 case, only one charge state was transm itted. 
When applicable the mean isomeric ratio between charge states is quoted.
W ith stated exceptions, the half-life of isomers as reported in this work is always 
used for isomeric ratio measurements. A weighted mean of the intensity of all of the 
decay transitions tha t take place during the measuring time is used. This is done 
by extracting the absolute intensity of each measured 7  ray peak, with corrections 
for branching and internal conversion and then by taking a weighted mean of the 
values. For cases where the individual 7 -ray measuring times begin at different points 
in time due to the Ge walk effect an average £* is taken (this is the variable U from 
equation 4.5). The isomeric ratio of the P" =  5+ isomer in 206T1 is given in Table 6.1. 
The error bars are asymmetric due to  the unmeasured losses from reactions taking 
place upon implantation (see section 4.8 for details). While accounting for internal 
conversion in-flight, when electrons are present the K a coefficient for the neutral atom 
has been used regardless of whether one or two electrons are attached to the nucleus 
(see section 2.6.3 for details on this).
Table 6.1: Measured isomeric ratio of the J7r =  5+ isomer in 206T1.
C h arg e  s ta te Iso m eric  ra tio  (%)
I 77 =  5+
H-like -> He-like 1 4 .2 ^
There is also a previously reported higher-lying, yrast 77r =  12“ isomer in 206T1 
with T1/2 =  3.74(3) min [89]. It is plausible tha t this state will have been populated 
during the experiment, however the isomer is too long-lived to detect directly. There are 
other nuclides tha t are described in this chapter for which two or more isomers have 
been measured to decay. In all cases the convention for the isomeric ratios written 
in the tables of this work is such tha t the isomeric ratio of the lower-lying state is
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inclusive of the feeding from the higher-lying isomer. In the relevant text for each 
table a subtraction for the feeding from the higher isomer is quoted. In this instance 
as the 77r =  12“ isomer is not measured in the current work, no account is made for it.
6.4.2 206Hg
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p lan ted
206Hg Fully stripped —» Fully stripped 1,393,025
206Hg Fully stripped —>H-like 323,972
As has been stated, two isomers have been previously identified in this nuclide [31, 
87,88]. The two isomers have been measured to have half-lives Ti/ 2 =  2.15(21) jis for 
the I* = 5“ state and Ti/2 =  92(8) ns for the / 7r =  (10+). A partial level scheme for 
206Hg is given in figure 6.7.
92(8) ns 
lOOTT
1157
2.15(21) f is
g.s.
.(10+) 
- (8+)
1257
(7")
364
1034
1068
0+
Figure 6.7: A partial decay scheme for 206Hg as proposed in reference [31].
O bserved  7  R ays
The 7 -rays associated with 206Hg nuclei are displayed in figure 6 .8 . All of the 
observed 7 -ray energies (100, 364, 1034, 1068, 1157 and 1257 keV) are consistent with
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Figure 6.8: Gamma rays associated with 206Hg using the DGF devices.
Top and b o tto m  : energy spectra for specified time ranges. Insets : decay curves 
of the 7-ray peaks. The top inset is from 1034 and 1068 keV transitions, the bottom 
is from the 1157 and 1257 keV.
the previously reported work on this nuclide by Fornal et al. [31]. This experiment 
has directly observed the 100 keV transition, this was not possible from the obtained 
data of the previous observation of this isomer [31]. Note tha t in figure 6.8 (bottom) a 
subtraction has been made to the energy spectrum, this is only for visual purposes, all 
extraction of information from this data is made prior to the background subtraction. 
The subtraction was made with an energy-time region of identical size to the original, 
but translated to  a point in time many half-lives after implantation. The 7 -ray intensity 
of the new region is normalised to the intensity of the 5“ isomer before subtraction.
The half-lives of the two isomers have been measured in the present work. For 
the 77r =  5“ isomer a half-life of T1/2 =  2.09(2) /is is extracted, this is consistent with 
the previously reported value of =  2.15(21) /is [31,87,88]. The half-life of the
D  =  (10+) isomer is determined in the current work to be Ti/ 2 =  112(4) ns. In the 
previous experiment by Fornal et al. it was measured to be T1/ 2 =  92(8) ns [31].
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Iso m eric  R a tio s
The isomeric ratio of the I* — 5“ isomer (as given in Table 6 .2) includes events 
which first decay through the 77r =  (10+) state and then decay through the 77r =  5~ 
state. The isomeric ratio of the 77r =  5“ state is measured to be l9 .5tlo % after 
subtracting for the feeding of the 77r =  (10+) isomer, which is measured to have a ratio 
of 2 .2±I %.
Table 6.2: Measured isomeric ratios of the 77r =  5“ and (10+) isomers in 206Hg.
C h arg e  s ta te Isom eric  ra tio  (%)
I *  =  5~
Fully stripped —» Fully stripped 21.91“
Fully stripped —» H-like 21 .811:
Mean 21.91“ -
r *  =  (1 0 +)
Fully stripped —> Fully stripped i .9 i :
Fully stripped —> H-like 2.5l!o
Mean 2 .21 .;
A warning is given regarding the 7^ =  (10+) isomer isomeric ratio. After ac­
counting for experimental uncertainties, the observed y-ray intensity of the 364 keV 
transition is significantly less than the sum of the 1157 and 1257 keV transitions (see 
Table 6.31 for details on the intensities). They are expected to  be the same. Currently 
the weighted average of all three of the transitions is used for determining the number 
of observed decays of the isomer. By excluding the 364 keV transition (or vice verse) 
the 77r =  (10+) isomeric ratio is affected. It increases to {F — F) 2.7+^ and {F — H) 
3 .5+J5 % or decreases to {F — H) 1.7+g and (F  — H) 2 .llg  % when excluding the 
364 keV or the 1157 and 1257 keV transtions, respectively. This 7 -ray intensity issue 
has not been definitively explained, but it is possible tha t the walk effect has reduced 
the apparent 364 keV intensity.
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6.4.3 205Hg
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p lan ted
206Hg Fully stripped —>Fully stripped 339,544
206Hg Fully stripped —>H-like 77,494
For 205Hg both a previously reported [90] and an isomer observed for the first 
time have been detected in this experiment. The newly discovered isomer is discussed 
in section 6.5.1. In this section only the previously observed 77r — 13/2+ isomer [90-92] 
is detailed. This isomer has previously been measured to have a half-life of 1.09(4) ms. 
The decay scheme for the relevant transitions is already confirmed. The relevant part 
of the previously known scheme for 205Hg is shown in figure 6 .9 .
1 3 /2 + 1.09(4) ms
5/2'
1/ 2 -
g / 2 - ^  7/2-
1016 I  878 
967
1 U
379
3/2"
468 
-  g.s.
Figure 6.9: A partial decay scheme for 205Hg. Relative widths of decay branches 
indicate branching ratios. This decay scheme is taken from references [90-92].
O bserved  7  R ays
The data for 205Hg arises from the 206Hg setting where the maximum timing 
window is limited to ~  85 /is (see section 6.3). The long half-life combined with the 
short timing window forbade accurate measurement of the half-life of this 77r =  13/2+ 
isomer. The 379, 967 and 1015 keV 7  ray transitions, which follow the isomer decay 
are shown in figure 6.10. This spectrum is contaminated by 206Hg, indicating tha t
6.4 SPECTROSCOPY OF PREVIOUSLY REPORTED ISOMERS 91
the particle selection gates overlap. Because 206Hg is populated to such a large degree 
it is not possible to entirely remove it from nuclides tha t reside next to it on the 
identification plots in figure 5.11 (top left and bottom  right). Indicated in figure 6.10 
are the later to be discussed (see section 6.5.1) 7  rays of the newly discovered isomer.
1500
>
CD
f  1000
CD
C L
C
I  500
O
0 2 5 0  500  7 5 0  1000 1250
E, (keV)
Figure 6.10: Gamma rays associated with 205Hg for 85 fis following implantation 
using the DGF devices. The inset decay curve comes from the 379, 967 and 1015 keV 
7  rays.
Note tha t the weak parallel branches are not intense enough to be identified in 
the present work. The two transitions tha t directly depopulate the isomer (161 and 
210 keV) are low in energy and highly converted (a=12.0 and 2.7, respectively). For 
these reasons they have not been detected. The X-rays have not been observed either, 
this is due to the large background.
Isom eric  R a tio
The isomeric ratio for the / 7r =  13/2+ state in 205Hg is given in Table 6.3. In 
this case the previously measured half-life of 1.09(4) ms [90-92] has been used for the 
measurement. After subtracting the effect of feeding from the newly observed isomer 
(see section 6.5.1) the J 7r =  13/2+ isomer isomeric ratio becomes !7.2+2^  %.
. LOj CO CM 00 05 ;
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Table 6.3: Measured isomeric ratio of the J7r =  13/2+ isomer in 205Hg.
C h arg e  s ta te Isom eric  ra tio  (% )
I ” =  1 3 /2 +
Fully stripped —> Fully stripped 19-3Î34
Fully stripped —> H-like 21 .6^
Mean 20 .5 Î^
6.4.4 204Hg
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p la n te d
206Hg Fully stripped —> H-like 2,550
206 Hg H-like -► H-like 40,753
An I n = 7~ isomer has been reported in this nuclide previously [93,94]. It has a 
measured half-life of 6.7(5) ns and the decay scheme is established (the relevant part 
of tha t scheme is shown in figure 6.11). It decays through a 110 keV E l  transition, 
which has a total internal conversion coefficient of a  =  0.3. The nuclei excited directly 
into this isomeric state cannot remain in it long enough to transm it through the FRS, 
even if the isomeric ratio were 100 %.
Observed 7  Rays
The 7 -ray energy spectrum in figure 6.12 shows tha t the I* = 7“ isomer has in 
fact been detected in the current work. No other isomers are known to exist in this 
nuclide. This implies the detection of a previously unobserved isomer. This newly seen 
isomer is discussed in detail in section 6.5.2. Note tha t the presently measured half-life 
of the known 437, 692 and 1063 keV transitions is T1/2 =  38(8) ns (assuming a pure, 
single-component exponential decay). This is significantly different from the previous 
measurements of the half-life of the I* = 7~ isomeric state reported in references [93, 
94], further suggesting tha t a higher-lying isomer has been populated.
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Figure 6.11: A partial decay scheme for 204Hg. Relative widths of decay branches 
indicate branching ratios.
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Figure 6.12: Gamma rays associated with 204Hg following implantation using the 
DGF devices. The inset decay curve comes from the 437, 692 and 1063 keV transi­
tions.
6 .4 .5  203H g
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p lan ted
206Hg H-like —> H-like 128,294
206Hg H-like —> He-like 13,854
The previously observed I* =  (13/2+) isomer in 203Hg [92,95] has been detected in 
this experiment. This isomer has similarities to the one seen in 205Hg (see section 6.4.3).
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This is understandable in terms of systematics. To first order, the low-lying structure 
of both nuclides is governed only by the unpaired neutron-hole. A partial decay scheme 
for 203Hg is shown in figure 6.13.
(13/2+)
(9/2")
5/2"
24(4)//.s
341
592
g.s.
Figure 6.13: A partial decay scheme for 203Hg. This is taken from references [92,95].
Observed 7  Rays
The 7 -ray spectrum measured in the current work for 203Hg is presented in fig­
ure 6.14. The two 7  rays, which decay from the I* =  (13/2+) isomer (341 and 592 keV) 
are detected, along with X-rays predominantly from the internal conversion branch of 
the 341 keV 13/2+ —> 9 /2_M2 tran s itio n ^  — 6.94). The statistics in this exper­
iment are higher than for the previous investigations. Prior to this experiment the 
accepted half-life was T i/2 =  24(4) /is [92,95]. The value deduced in the current work 
is T1/2 =  21.9(10)/is.
T 1/2 — 2 1 . 9 ( 1 0 )  j i s
•2 256
>  1000
CL
500 O j Time (us)O)LO
'*
CO
A t  =  2 . 4  -  8 0  g s
250 750 1000
Figure 6.14: Gamma rays associated with 203Hg following implantation using the 
DGF devices. The inset decay curve comes from both the 341 and 592 keV 7  rays.
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Iso m eric  R a tio
The isomeric ratio of the I* = (13/2+) isomer has been measured. Table 6.4 gives 
the ratio for the two transm itted charge states. The mean isomeric ratio between the 
two is 11.8115 %•
Table 6.4: Measured isomeric ratio of the / 7r — (13/2+) isomer in 203Hg.
C h arg e  s ta te Isom eric  ra tio  (%)
I 77 = (1 3 /2 + )
H-like —» H-like 14.2 t!0
H-like —> He-like 9 . 3 ^
Mean ll-S tm
6 .4 .6  203A u
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p lan ted
206Hg Fully stripped —> Fully stripped 401,961
A 7 -ray transition has previously been observed in this nuclide [54]. The isomer 
from which it arises has been measured to have a half-life of 4O+^°° //s. Although 
levels in the decay scheme from earlier work had established a part of the low-lying 
states [96], the observed transition could not be placed in the scheme.
O bserved  7  R ays
Spectroscopy of 203Au in the current experiment has observed the previously 
reported isomer, the 7 -ray energy spectrum is presented in figure 6.15 (top). The 
half-life of the isomer is determined to be Ti/ 2 =  140(44) fis in the current work.
It has not been possible to place the observed transition in the decay scheme. 
In the previous investigation the 11/2™ state was highlighted as a candidate for being 
isomeric in nature [54]. Given tha t this state has an excitation energy of 641 keV [96,97], 
it is plausible tha t there are one or more low energy unobserved transitions, which feed
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Figure 6.15: Gamma rays associated with 203Au following implantation using the 
DGF devices. Top: gamma-ray singles events. B ottom : Gamma rays observed 
within 1 /is of the 563 keV transition. The inset decay curve comes from the 563 keV 
7  ray.
or decay from the known 563 keV transition. Figure 6.15 (bottom) is the first instance 
of 7 -7  coincidence analysis in this document. The improved peak-to-total ratio of 7 -7  
analysis is intended to highlight any low-energy transitions tha t there might be in the 
background Compton continuum. By performing 7 -7  analysis one improves the peak- 
to-total ratio of the 7  ray peaks, however reduces the overall statistics. Figure 6.15 
(bottom) shows all events identified as 203Au where one of the Ge crystals has already 
observed a 563 keV transition. The spectrum shows the energy signals received by all 
of the remaining Ge crystals. Despite the improved peak-to-total ratio, no other 7 -ray 
transitions have been observed.
Isom eric  R a tio
It is not possible to properly measure an isomeric ratio for an isomer without 
understanding which transition directly depopulates the isomer and without knowing 
the internal conversion coefficients for transitions. However for isomers tha t are much 
longer-lived than the FRS flight time, and where the transitions are of high energy, 
internal conversion is a small factor. In Table 6.5 an isomeric ratio has been given 
assuming the 563 keV has an internal conversion coefficient, a  =  0. This isomeric ratio 
also assumes tha t the branching ratio of the 563 keV transition is 100 %. The isomeric
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ratio measured in the presnet work (2.5Î?0 %) is consistent with the Caamano et al 
measurement [54], which reports value of >  1 %.
Table 6.5: Measured isomeric ratio of the isomer in 203 Au, assuming that the 563 keV 
transition depopulates the isomer and that the branching ratio of the transition 
is 100 % and 0  =  0 .
C h arg e  s ta te Isom eric  ra tio  (%)
I™ =  unknown
Fully stripped —> Fully stripped 2.5Îîo
6.4.7 202P t
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p la n te d
20® Hg*
203Jr *
ISSQS
203j r*
1990S
192W
*%Os
192W
Fully stripped —> 
Fully stripped —> 
Fully stripped —» 
Fully stripped —> 
Fully stripped —»• 
Fully stripped —> 
H-like H-like 
H-like —> He-like
Fully stripped 
Fully stripped 
Fully stripped 
H-like 
H-like 
H-like
2,543
165,916
31,697
30,980
105,229
11,963
2,032
4,164
* G am m a-ray detection tim e reduced from  380 to 85  /is  fo r  this setting.
This nuclide has had spectroscopic information measured in one previous experi­
ment only [54]. In tha t experiment three 7 -ray transitions were observed. A tentative 
decay scheme has been created, however the transitions and spin-parities of the states 
are not confirmed. This level scheme is shown in figure 6.16.
This nuclide is one tha t is strongly affected by the software difficulties with the 
DGF modules (see section 6.3). This means tha t 56 % of the data recorded 7 -ray 
information for 85 /is, while the remaining 44 % correlated for up to  380 //s. The 
isomer in 202P t has previously been measured to have a half-life Ti/ 2 =  280lfg§ yus.
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Figure 6.16: The 202P t decay scheme, taken from reference [54].
In this work the isomer is measured by considering only the 44 % of the data  tha t 
correlates for 380 fis.
Observed 7  Rays
The 7  rays associated with 202P t are shown in figure 6.17 (top). Of the settings 
and charge states listed at the start of the current section of this document, only 
those indicated by a * are used for 7 -ray spectroscopy. This observation of the excited 
states in 202P t in the current work is consistent with the previous measurement by 
Caamano et al. [54]. The present observation of the isomer has a measured half-life 
of T1/2 =  141(7) fis. For the observation of 202P t in the current work, 7 -7  coincidence 
analysis has been preformed. These measurements confirm the doublet nature of the 
534 keV peak (see figure 6.17 (bottom)).
Isomeric Ratio
The isomeric ratio for the presented I n = (7~) isomer in 202P t is shown in Ta­
ble 6 .6 . The mean isomeric ratio between the measured charge states is found to 
be ll.S lig  %• In the work presented by Caamano et al. there was a large uncertainty 
on the half-life. This isomeric ratio was found to be >  15 %.
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Figure 6.17: Gamma rays associated with 202Pt following implantation using the 
DGF devices. Top: gamma-ray singles events. B ottom : gamma rays observed to 
be emitted within 200 ns of 534 keV 7-rays. The inset decay curve comes from the 
534 (doublet) and the 719 keV 7  rays.
Table 6.6: Measured isomeric ratio to the assigned J7r =  (7~) isomer in 202Pt.
C h arg e  s ta te Iso m eric  ra tio  (% )
/ ’7= (7 " )
Fully stripped —> Fully stripped 12.0Î?7
Fully stripped —» H-like 12.0ÎL
Fully stripped —> He-like H.S^e7
Mean n.8t;§
6 .4.8 201P t
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
206Hg Fully stripped —>Fully stripped 27,546
i^O s Fully stripped —>Fully stripped 15,206
i990s Fully stripped —>H-like 17,958
192W Fully stripped —> H-like 6,897
192w Fully stripped —>He-like 1,045
2o2Os H-like H-like 463
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This nuclide has been previously studied by Caamano et a l [54]. A tentative 
decay scheme for this nuclide was proposed, this is shown in figure 6.18. The isomer 
is proposed to  decay through an unobserved, <  90 keV E2  transition. The half-life 
was measured to be =  21(3) ns.
(19/2+) 210 ) ns
(15/2+) = ^ <90
(13/2")
(9/2-)
(5/2")
354
727
374
g.s.
Figure 6.18: The Pt decay scheme, taken from reference [54].
O bserved  7  R ays
The current measurement of 201 P t has less statistics than the study of Caamano 
et al, however comparing the two, the current work takes advantage of improved spec­
troscopic measuring power. Due to this, the level of background radiation is reduced. 
The 7 -ray spectrum for 201P t for the present work is shown in figure 6.19 (top). The 
353, 374 and 727 keV 7  rays are observed, but the expected low-energy E2  transition 
is not. The half-life of the isomer is measured to  T 72 =  18.4(13) ns, consistent with 
the value by Caamano et a l Ti/ 2 =  21(3) ns [54].
The 7 -7  coincidence investigation has not extracted the possible unobserved tran­
sition. In figure 6.19 (bottom) all of the three previously reported transitions (353, 374 
and 727 keV) are identified and shown to be in coincidence.
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Figure 6.19: Gamma rays associated with 201 P t following implantation using the SR 
devices. Top: gamma ray singles events. The inset decay curve is from the sum of 
the 353, 374 and 727 keV transitions. B ottom : gamma rays observed in the same 
event as any of the three transitions.
Isom eric  R a tio
The level scheme is largely understood for this 77r =  (19/2+) isomer, but the 
internal conversion coefficient for the unobserved transition is not known. A limit is 
set on the isomeric ratio.
Making the extreme assumption tha t zero decays take place in-flight, the isomeric 
ratio would be 3.6l}y % and 3.8+Jg % for the (F - F )  and (F -  H ) states, respectively. 
These average to 3.7+^ %. The zero decay approximation is true in the limit of large 
a  (i.e. dramatically extending the in-flight half-life). If the unobserved E2  transition 
has something similar to  a  >  500, then this is the case. H-like nuclei have traversed 
the second half of the FRS. An internal conversion coefficient of a  =  500 for an E2  
transition corresponds to a transition energy of E 1 =  37 keV, which is below the 
threshold energy for K a conversion. In this limit H-like nuclei would be equally as 
inhibited as fully stripped nuclei. For transition energies <  37 keV, the isomeric ratio 
is 3.7l}g %. The Caamano et al. work finds this isomeric ratio to be >  32 %.
At the opposing extreme, an isomeric ratio of 100 % corresponds to a transition 
energy of 140(126) keV. It is apparent tha t energies of >  200 keV would have been di­
rectly observed in the presented spectrum. In the previous experiment it was concluded 
tha t the transition energy is <  90 keV.
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Table 6.7: Lower limit for the isomeric ratio of the / 7r =  (19/2+) isomer in 201Pt. 
This assumes a > 500 for the isomer-depopulating transition.
C h arg e  s ta te Isom eric  ra tio  (%)
I ” =  (1 9 /2 + )
Fully stripped —» Fully stripped >3.6±%
Fully stripped —> H-like > 3 .8 1 ^
Mean >  3.7±j|
6.4.9 200P t
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
206Hg Fully stripped —>Fully stripped 62,963
192W Fully stripped —» H-like 1,703
Excited states have been measured in this nucleus on three previous occasions [54, 
98,99]. These works have observed two isomers in cascade and have confirmed a number 
of the spin-parities of low-lying yrast excited states. A partial level scheme for 200P t 
from these works is presented in figure 6.20. The character of the transition tha t 
depopulates the / 7r — (12+) isomer is ambiguous; it is suggested tha t it can be limited 
to E l  or E2  character.
Observed 7  Rays
Both of the previously reported isomers in this nuclide have been seen in the 
current work. The previously reported half-lives of the two isomers are comparable 
in magnitude with the F W H M  of the Ge detectors. In the current work the half- 
lives are measured using a pure exponential decay after the Ge prompt Gaussian rise 
has reduced in significance. The application of this fitting method in place of an 
exponentially modified Gaussian decay (EMG) is now justified.
The spectrum in figure 6.21 shows the background subtracted time data recorded 
for the 463 and 470 keV 7 -ray transitions tha t follow the decay of the 77r — (7_) 
isomer from the time of implantation until 200 ns later. Note tha t t =  0 corresponds
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Figure 6.20: A partial 200Pt decay scheme, taken from reference [54].
to the centroid arrival time of the prompt flash 7  rays. An EMG accounts for both 
the exponential isomer decay and the uncertainty of arrival time of each recorded 7 - 
ray [100]. The shape of this EMG convolution can be expressed visually with the 
numerical expression;
I{t) =A exp as(-ï . exp
1£1
, 
1w. T
x
(6.1)
where I(t)  is the intensity of observed 7  rays at time t; A  is a normalising constant; crG 
and tG are the uncertainty on the width and the centroid of the Gaussian, respectively; 
t  is the mean lifetime of the isomer; and e r f  is the mathematical error function [101]. 
The actual fit of the EMG to the data is performed with a convolution of the exponential 
and Gaussian functions using the Nanofit program [102]. Equation 6.1 is used for visual 
purposes only. The EMG fit measures a half-life of Ti/ 2 =  16.6(6) ns for the / 7r =  (7“ ) 
isomer (see figure 6.21). When fitting the data for the range A t =  10 —> 200 ns (i.e. 
when the Gaussian component reduces its significance) with a pure exponential decay 
curve the half-life is measured to be Ti/ 2 =  17.0(5) ns. These two fits are consistent.
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The previous reports of the half-life of this isomer are Ti/ 2 — 14.0(6) ns [54] and 
Ti/a =-14.3(6) ns [99].
Pure exponential fit: T1 /2  = 17.0 (5) ns 
At = 1 0 -200 ns
512
EMG fit: T1 /2  = 16.6 (6 ) ns 
At = -45 - 200 ns
CL
0.125-50 I 1 0 0  
Time (ns)
150 200
Figure 6.21: Comparison of the EMG and pure exponential fitting routines. The data 
is background subtracted and taken from the 463 and 470 keV transitions following 
the decay of the / 7r =  (7- ) isomer in 200Pt. The pure exponential curve (marked in 
blue) is fitted only over the range At =  10 —» 200 ns.
Prompt flash radiation dominates the “Gaussian regime” of the decay curve in­
troducing large uncertainties, therefore for less strongly populated isomers observed in 
the present work with half-lives similar to this case of the 77r — (7“ ) isomer in 200P t, 
poor statistics introduce large uncertainties for the EMG method resulting in there 
being no unique fit for the half-life. In all cases the pure exponential fit can resolve a 
unique solution. Even when the EMG fit is applicable, for internal consistency in this 
work the method of half-life fitting is always with a pure exponential curve after the 
Ge prompt Gaussian reduces in significance (i.e. at < >  10 ns).
The 77r =  (12+) isomer fitted with a pure exponential decay curve is found in rea­
sonably good agreement with the previous study. In this work the half-life is measured 
to be Ti/2 — 13.9(10) ns, compared to the previous value of Ti/ 2 =  10.3(24) ns [54]. 
This is shown in the spectrum in figure 6 .22 , along with the 7 -ray energy data.
Isomeric Ratio
The spectroscopy did not observe the anticipated, but previously unseen, tran ­
sitions (i.e. those responsible for directly depopulating the isomers). Beginning with
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Figure 6.22: Gamma rays associated with 200Pt following implantation using the SR 
devices. The inset decay curves show the half-lives of the two isomers, The upper 
inset is the data from the 463 and 470 keV transitions, the lower is from the 542 and 
708 keV data.
the higher-lying (/^  =  (12+)) isomer, a lower limit on the population ratio can be 
set by assuming zero decays prior to implantation. In this case this would require a 
total internal conversion coefficient to be approximately >  900, corresponding to an 
isomeric ratio lower limit of 1.9±H %, as tabulated in Table 6 .8 . The multipolarity is 
still unconfirmed for this isomer-depopulating transition. Assuming it is of £ 2  charac­
ter, the limit on the ratio corresponds to a transition energy of <  33 keV. Examining 
the isomeric ratio upper limit of 100 %, the maximum energy for an E2  transition is 
121 keV. Assuming the isomer-deopulating transition is of E l  character, the transition 
energy could only be up to a few keV. From investigating 7 -ray intensities, the lower- 
lying, I n =  (7_), isomer is 3.75(1) times more intensely populated than the I*  =  (12+) 
isomer at the time of implantation.
It was previously stated tha t the energies of the unobserved transitions are 
<  90 keV [54]. It is presently thought th a t for the P  =  (12+) isomer this limit is 
incorrect, in this work it is found to be <  121 keV. Caamano et al. quote limits on the 
isomeric ratios of >  25 and > 4 % for the I* =  (7™) and (12+) states, respectively.
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Table 6.8: Lower limit for the isomeric ratio of the J7r — (12+) isomer in 200Pt. This 
assumes 100 % transmission of the isomer in-flight.
Charge state Isomeric ratio (%)
I*  =  ( 1 2 +)
Full Strip —> Full Strip > i . l l ' u
198p t
Setting Charge state Number of nuclei implanted
206Hg H-like —» Fully stripped 24,269
This /3-stable nuclide has been studied in numerous other experiments [7]. This 
nuclide is the only one in the 206Hg setting, Aq =  + 1  charge state identification plot 
(see figure 5.11 (bottom right)) to have a previously reported isomeric state [93,103], 
There are other isomers observed in tha t identification plot, which are observed for 
the first time in this experiment, however none of them are identified elsewhere in the 
current work. This means tha t the 198P t isomer confirms the identification of its setting 
and charge state.
Observed 7  Rays
The 7  rays associated with 198P t in this work are shown in the spectrum in 
figure 6.23. The observed 382, 407 and 578 keV 7  rays have previously been reported 
to follow the decay of a (/^  =  7") isomer [93] with a half-life of T72  =  3.4(2) ns. It 
is directly depopulated by a 134.9(1) keV transition with a total internal conversion 
coefficient a  = 1.51. Even with a high level of electron stripping, direct excitations 
of this isomer would not be expected to transm it through the FRS. In the present 
work it is concluded tha t a second previously reported isomer [104,105] in 198P t is 
also populated in this experiment. Its reported half-life is Ti/ 2 =  36(2) ns [105] and 
it has been suggested tha t this isomer is of spin I  = (12), at an excitation energy of 
3017.4(12) keV [106]. Each of the 7 -rays tha t have previously been reported to  be 
emitted following the decay of the I  =  (12) isomer [105,106] have been found to be
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Ti/2  = 106(83) ns
Ey(keV)
Figure 6.23: Gamma rays associated with 198P t following implantation using the SR 
devices, the peaks marked with a ? are uncertain. The inset decay curve is taken 
from the 382, 407 and 578 keV transitions.
significantly less intense than the 382, 407 and 578 keV transitions. In figure 6.23 of 
the present work some of these 7 -ray transitions (135, 752 and 823 keV) have been 
tentatively identified. In this work the half-life of the 382, 407 and 578 keV transitions 
is measured to be T i/2 = 106(83) ns assuming a single-component, pure exponential 
decay. This is consistent with the I  =  (12) isomer being populated, allowing for the 
transmission of excited states of 198P t through the FRS.
6.4.11 199Ir
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p la n te d
203Jr Fully stripped —>Fully stripped 54,601
i"O s Fully stripped —> Fully stripped 196,253
203 j r Fully stripped —>H-like 8,049
i"O s Fully stripped —>H-like 34,905
192W Fully stripped —» H-like 63,814
H-like —> Fully stripped 689
192W Fully stripped —>He-like 1,090
Caamano et al. [54] tentatively identified an isomer in 199Ir. In the current work, 
higher 7 -ray statistics have been recorded for this nuclide. A search has taken place for 
the previously suggested isomer, but it has not been observed in the currently described 
experiment. The 7 -ray spectrum in figure 6.25 spans an identical time range following
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Figure 6.24: A partial 198Pt decay scheme. The relative width of parallel branches are 
an indication of the decay intensity. This decay scheme is taken from reference [106].
implantation as Caamano et al. Previously 7  rays were speculatively identified at 104, 
112, 122 and 162 keV, but there is no evidence for these photopeaks in the present 
work.
At ■ 80 - 390 nsjg'25
CD
Q. CD
CM
5 10
500
Figure 6.25: Gamma rays associated with 199Ir following implantation using the SR 
devices. The selected time range is the same as that from the previous study in 
reference [54].
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6.4.12 198Ir
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p lan ted
1 9 9 0 S Fully stripped —» Fully stripped 28,028
1 9 9 0 S Fully stripped —> H-like 4,964
192W Fully stripped - 4- H-like 17,065
**Os H-like —> Fully stripped 1,275
192W Fully stripped —> He-like 376
An isomer has previously been seen in 198Ir by Caamano el al. [54]. Only one 
transition was observed, it was measured to have a half-life of T1/2 =  77(9) ns. Although 
no level scheme was suggested, it was proposed tha t the transition was likely to he E l  
in nature, based on the lack of X-rays and the application of hindrance factors.
O bserved  7  R ays
The present work has performed a repeat measurement on the half-life of the 
isomer. The observed transition is shown in figure 6.26. The half-life of the isomer is 
measured to be Ti/ 2 =  73(11) ns, consistent with the previous value of T1/2 =  77(9) ns.
40 At = 10-525 ns £64 T1 /9  = 73.0 (11) ns
100 200 300
Time (ns)
l i t  l l lL U ll i n n  I i i i i J L L ii im t I m I I n  I
250 500
Ey (keV)
750 1000
Figure 6.26: Gamma rays associated with 198Ir following implantation using the SR 
devices. The inset decay curve is fitted using the 116 keV transition.
Isom eric  R a tio s
The level scheme of this nuclide is not known, but the isomeric ratio is measured 
under the assumption that, as previously suggested, the 7  ray decay is E l  in nature.
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For this nuclide Caamano et al. measure the isomeric ratio to  be IQlg %. The present 
result (see Table 6.9) and tha t of Caamano et al. are not consistent.
Table 6.9: Measured isomeric ratio of the J7r =  (7“ ) isomer in 198Ir, assuming the 
isomer is depopulated by an E l  decay.
C h arg e  s ta te Isom eric  ra tio  (%)
I *  =  (7 - )
Fully stripped —» Fully stripped 4 .3 ig
Fully stripped —» H-like 6 .5 îg
Mean
6.4.13 195Os
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
i"O s Fully stripped —> Fully stripped 10,144
192W Fully stripped —» Fully stripped 4,938
192w Fully stripped —» H-like 5,862
203 j r H-like —» Fully stripped 799
H-like —> Fully stripped 537
This nuclide has been studied previously by Caamano et al. [54]. It has also been 
observed through deep inelastic collisions on a 198P t target [104]. The level scheme has 
not been established. The 439, 493 and 533 keV transitions are in cascade, see 7-7  
coincidence results by Valiente-Dobdn et al. [104]. The 714 keV transition is suggested 
to have a different intrinsic structure to the other 7  rays. This indicates th a t it is the 
transition which directly depopulates the isomer, however it has been noted th a t its 
high energy implies a small internal conversion coefficient. Since the isomer half-life 
was measured as T 72 =  26(4) ns, a large degree of internal conversion is required 
in order to transm it the isomer through the FRS. It is thus likely tha t there is an 
unobserved transition. The observation of the isomer from Valiente-Dobôn et al. [104] 
using deep-inelastic heavy ion collisions has measured a half-life of Ti/ 2 =  26(9) ns.
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Observed 7  Rays
The current experiment has observed the same four 7  ray transitions as the 
previous studies (438, 493, 533 and 714 keV). This is shown in the spectrum of fig­
ure 6.27. Over this time range, there is limited sensitivity to X- or 7 - ray transition 
energies approximately lower than 250 keV. The isomer half-life is currently found to 
be Ti/2 =  34.0(23) ns.
50 
I  40 
I  30 
# 20 
<§10
0 250 500 750 1000
Ey (keV)
Figure 6.27: Gamma rays associated with 1950s following implantation using the 
SR devices. The inset decay curve is produced using the 438, 493, 533 and 714 keV 
transitions.
Isomeric Ratios
As it is currently understood tha t the isomer-depopulating transition has not 
been observed, only limits are placed on the isomeric ratio. Assuming tha t zero decays 
take place until implantation, the minimum isomeric ratio is 2.4lg % for the (F — F) 
charge state; it is 2.3±g % for the combined (F  -  H) and (H  -  F) states. This gives a 
mean minimum of 2.4tg % (se Table 6.10). The Caamano et al. work suggests a limit 
of >  13 %. The current study again disagrees with this. The limit of zero decays in­
flight corresponds to a transition with an internal conversion coefficient approximately 
a  >  100. The assumption is now made tha t the unobserved, isomer-depopulating 
transition is of E l  character (as explained in the thesis of M. Caamano [107] using 
BCS calculations). Given this, it is implied tha t for transition energies E 7 <  50 keV 
the isomeric ratio reaches its lower limit of 2 .4^  %.
Examining the other extreme, for an isomeric ratio of 100 %, the internal con-
'1 /2  = 34.0 (23) nsAt = 10 - 210 ns in 6400
C O
C OO)
100 150
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Table 6.10: Measured limit on the isomeric ratio of the isomer in 195 Os, assuming 
100 % transmission of the isomer.
C h arg e  s ta te Iso m eric  ra tio  (%)
T77 =  u n k n o w n
Fully stripped —» Fully stripped > 2 .4 5
Fully stripped —> H-like >2.3±l
Mean >2.4±l
version coefficient is O' ~  0.1. For the 714 keV transition to have internal conversion 
coefficients of this size, but it would require it to be of at least M3 or M4 character, 
which is unlikely For an assumed E l  transition, an isomeric ratio of 100 % corresponds 
to an upper limit on the transition energy of 170 keV.
6.4.14 194Re
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
203 j r Fully stripped —>Fully stripped 8,762
:"O s Fully stripped —» Fully stripped 34,391
192W Fully stripped —» Fully stripped 48,813
192W Fully stripped —» H-like 7,478
185Lu Fully stripped —>H-like 1,753
Caamano et ol. [54] also observed this nuclide; but the presence of an isomer 
was only very tentatively suggested. No time curve was fitted due to poor statistics, 
possible transitions were identified at 61, 70, 128 and 148 keV.
O bserved  7  R ays
The current work confirms the existence of the tentatively assumed isomer. There 
are however differences between the previously suggested transitions and those th a t are 
currently identified. In figure 6.28, 7  rays associated with 194Re are shown in the range 
A t =  2 —> 50 //s. Peaks are observed at 61, 69 and 86 keV. The 61 keV transition is
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clearly observed; this matches the energy of K a X-rays of rhenium. The weaker 69 keV 
peak also matches the Kp X-ray energy The current work also identifies a peak at 
86 keV, which was not reported in the Caamano et a l work. The previously noted 
candidate transitions at 128 and 148 keV have not been observed presently. The half- 
life of the 61 keV X-rays and the 86 keV transition is measured to  be T i/2 = 45(18) //s.
200 <3 128 X-rays.60) and 8 6  keV
7- Cti
T1/2 = 45 (18) US1
° - 1 0 0
Time (us)
At = 2 - 50 |rs
500
Figure 6.28: Gamma rays associated with 194Re following implantation using the 
DGF devices. The inset decay curve comes from the 61 keV K a X-rays and the 
86 keV transition.
6 .4 .15  193R e
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
Fully stripped —> Fully stripped 709
i^O s Fully stripped —> Fully stripped 23,164
192W Fully stripped —> Fully stripped 54,031
192W Fully stripped —> H-like 8,190
185Lu Fully stripped —> H-like 1,334
203j r H-like —» Fully stripped 2,952
Excited states in this nuclide have been reported previously by Caamano et 
al. [54]. The previous measurement identified K a and Kp X-rays along with a sin­
gle 7 -ray transition at 146 keV. The half-life of the isomer was measured to be Ti/ 2 =  
75140° The upper limit of the half-life was derived by assuming an isomeric ratio 
of 100 %. No level scheme was suggested.
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Observed 7  Rays
In this experiment the previously reported [54] X-rays and the 7 -ray transition 
have been observed. Figure 6.29 shows the spectroscopic findings. The half-life of 
the K a X-ray combined with the 145 keV 7  ray is measured to be T1/ 2 =  65(9) fis, 
consistent with the previously measured half-life.
800 At = 2-200 |rs 
T -  e?
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£  256 
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Figure 6.29: Gamma rays associated with 193Re following implantation using the 
DGF devices. The inset decay curve arises from the 61 keV X-rays and the 145 keV 
transition.
Isomeric Ratio
This isomer is long-lived compared to the flight time; losses due to decays in-flight 
are thus not an issue. The multipolarity of the observed 7 -ray transition is ambiguous. 
If it directly depopulates the isomer then lifetime arguments suggest it to be of M 2  or 
possibly E2  character. It is possible however, tha t there is a low-energy, unobserved 
transition. Knowledge of any “unobserved” transition is critical in determining the 
isomeric ratio. Measurement has been made in this work assuming th a t the 145 keV 
transition directly depopulates the isomer first assuming it to be an M 2  and then to  be 
an E2  transition, see Table 6.11. The Caamano et al. suggested a limit of >  19 % for 
the isomeric ratio, it is not clear to  the author if this assumes an M 2  or E2  decay of the 
isomer through the 145 keV transition or if it assumed tha t an unobserved transition 
directly depopulates the isomer.
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Table 6.11: Measured isomeric ratio of the isomer in 193Re, assuming the 145 keV 
transition is of M2 or E2 character and directly depopulates the isomer with a 100 % 
branching ratio.
Charge state Isomeric ratio (%)
J w =  u n k n o w n  (assuming M 2  decay)
Fully stripped —» Fully stripped 18.9Î1
Fully stripped —> H-like 12.9ig
Mean 15.91“
/ '7r =  u n k n o w n  (assuming E2  decay)
Fully stripped —» Fully stripped 2 .9 : 7
Fully stripped —> H-like 2 .0Ü o
Mean 2.41:
6 .4 .16  192R e
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
ISSOS Fully stripped —> Fully stripped 3,868
192W Fully stripped —> Fully stripped 12,214
192w Fully stripped —» H-like 1,908
203 j r H-like —► Fully stripped 4,998
This is another nuclide studied previously, excited states have been reported by 
Caamano et al. [54]. A single 7  ray (160 keV) and also K a and Kp X-rays were observed, 
the isomer half-life was measured to be Ti/ 2 =  t18- The 160 keV transition was
suggested to be of M l character based on intensity balances between the 7  ray and the 
X-rays and by then considering this balance in terms of internal conversion coefficients. 
E2  and M 2  transitions were also considered plausible. It is also noted tha t there may 
be a second transition, which is directly responsible for depopulating the isomer. This 
would be a low-energy (<50 keV) E l  transition.
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O bserved  7  R ays
Currently the single 7  ray at 160 keV and K-shell X rays have been observed 
consistent with the work in reference [54]. These findings are shown in figure 6.30. The 
half-life of this isomer is consistent with the previous measurement, in this instance it 
is found to be T1/2 =  85(10) ^s.
irmdf^ arïii
Er (keV)
Figure 6.30: Gamma rays associated with 192Re following implantation using DGF 
devices. The inset decay curve is fitted with the 61 keV X-rays and the 160 keV 
transition.
Isom eric  R a tio
Under the explanation proposed by Caamano et a l [54], the isomer-depopulating 
7  ray may be of low-energy and unobserved. It is suggested to be an E l  transition. 
The half-life of the isomer is long when compared to  the flight time, which negates the 
influence of in-flight decays on the isomeric ratio. Assuming the unobserved transition is 
correctly assigned as of E l  character, this implies th a t the observed 160 keV transition 
is M l  (otherwise the observed X-ray intensity is not explained). Given the assumption 
tha t a low energy E l  transition feeds the M l 160 keV transition, an isomeric ratio can 
be inferred. This is done in Table 6.12. This gives a mean isomeric ratio of S.O!^ %. 
Caamano et al. measured this ratio to be 2 l ly 9 %.
6.4.17 191Re
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p lan ted
203j r H-like —» Fully stripped 2,372
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Table 6.12: Measured isomeric ratio of the isomer in 192Re; assuming that an unob­
served low-energy E l  transition depopulates the isomer and then feeds the 160 keV 
transition, which is assumed to be of M l  character.
C h arg e  s ta te Isom eric  ra tio  (%)
J 77 =  u n k n o w n
Fully stripped —» Fully stripped 3.5t= .
Fully stripped —» H-like
Mean 3.0tîo
There has been an isomer tentatively identified by Caamano et al. [54] in this 
nuclide. While no half-life was measured, discrete 7 -ray emissions were observed over 
a 75 //s period. Ten energy peaks were tentatively identified, at energies of 53, 61, 69, 
139, 159, 226, 308, 360, 419 and 444 keV.
O bserved  7  R ays
The current experiment confirms tha t the isomer exists (see figure 6.31). The 
previously noted 53, 308 and 360 keV transitions are not observed. In the current 
work, a single transition has been tentatively identified, at 135 keV, which was not 
reported previously. The intensity of the 69 keV peak is too great in comparison to the 
61 keV peak for it to only arise from the Kp X-rays, suggesting tha t there may be a 7 - 
ray transition with a near identical energy. An attem pt has been made to fit a half-life 
curve to the current data. It is assumed tha t all of the currently noted transitions arise 
from a single isomer; statistics from all of them are used when producing the timing 
data. The half-life is measured to  be Ti/2 =  77(33) [is.
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Figure 6.31: Gamma rays associated with 191Re following implantation using the 
DGF devices. The inset decay curve is fitted with all of the transitions.
6.4.18 190W
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p lan ted
i^O s Fully stripped —> Fully stripped 2,329
192W Fully stripped —> Fully stripped 22,454
185Lu Fully stripped —> H-like 889
203 j r H-like —> Fully stripped 1,670
i"O s H-like —» Fully stripped 3,046
The isomer spectroscopy of this nuclide is not analysed here. It is presently being 
examined by G.F. Farrelly [108].
6.4.19 188Ta
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
192W Fully stripped —> Fully stripped 11,395
i^L u Fully stripped —>'Fully stripped 1,561
Fully stripped H-like 713
i"O s H-like —> Fully stripped 781
Excited states in this nuclide have been studied previously only by Caamano et 
al. [54]. The study identified one 7 -ray transition (at 292 keV) and no X-ray peaks 
were discernible in tha t work. Multiple possible explanations of the level scheme were
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considered, but no firm conclusion was reached. It is possible tha t additional unob­
served transitions are involved in the decay. If this is not the case, the decay of the 
isomer is understood to be of E2  character based on expected X-ray intensities and 
decay rates.
Observed 7  Rays
The observation of the isomer in 188Ta in the current work is comparable with 
tha t of reference [54] in terms of statistics. The measured half-life is found to be 
Ti/2 =  3.5(4) us (see figure 6.32), consistent with the previously measured value of 
Ti/2 =  5(2) /is.
>100 
jg 80 t  60 
w 40 
§ 20 
O  o
0 250 500 750
Ey (keV)
Figure 6.32: Gamma rays associated with 188Ta following implantation using the 
DGF devices. The inset decay curve comes from the 291 keV transition.
Isomeric Ratio
Under the assumption tha t the observed 292 keV transition directly depopulates 
the isomer as an E2  decay, an isomeric ratio is extracted. This is done for both of the 
transm itted charge states, remember tha t the 188Ta(jp_iî) and 188Ta(H-F) transm itted 
charge states are considered synonymous and so combined (see section 6.2). The mea­
sured isomeric ratios are quoted in Table 6.13, the mean ratio is found to be T .9 ^  %, 
the value obtained in reference [54] was O.SIq.'i %•
At = 0.1 -17.5 gs
O)
Time (us)
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Table 6.13: Measured isomeric ratio of the isomer in 188 Ta, assuming that the ob­
served transition is an E2 decay and that it directly depopulates the isomer.
C h arg e  s ta te Iso m eric  ra tio  (%)
I™ =  u n k n o w n
Fully stripped —» Fully stripped 7 .9 5 5
Fully stripped —> H-like 7 .8 tP
Mean 7 .951
6.5 Spectroscopy of Previously Unreported Isomers
Shell model calculations have been performed to aid the interpretation of the 
measured previously unreported isomers nearest to and at N  =  126. W ith stated 
exceptions, these calculations have all been performed by M. Gorska [40], using the 
s i/2, ^3/2, ^ n /2, <4 /2> 9 t /2 proton-hole space and / 5/ 2 , P i / 2 , 213/ 2 , P 3/ 2 , A /2, ^ 9/2 neutron- 
hole space around the 208Pb core with the OXBASH code. Single-particle/hole energies 
were taken from 207Pb, 207T1 and two-body matrix elements from reference [109]. These 
are based on the Kuo-Herling interaction and include core polarisation, but the decisive 
elements for the / 7r =  2+ and 5“ states of 206Hg are adjusted.
6 .5 .1  205H g
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
206Hg Fully stripped —» Fully stripped 339,544
206Hg Fully stripped H-like 77,494
E x p e rim e n ta l In fo rm a tio n
In addition to  the 77r =  13/2+ isomer of 205Hg [90], a previously unreported 
isomer has been detected in the current experiment. The 7  rays emitted following the 
isomer decay are shown in figure 6.33 (top). Four transitions have been identified (227, 
723, 810 and 950 keV), which are all in mutual coincidence. No X-rays have been
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detected. The measured half-life of the isomer (using the 810 and 950 keV transitions) 
is Ti/2 =  5.89(18) /is.
\ co ”
Ey (keV)
Figure 6.33: Top: gamma rays associated with 205Hg following implantation using 
the DGF devices. The inset decay curve comes from 810 and 950 keV transitions. 
B ottom : gamma rays associated with 205Hg observed at least 250 ns following 
detection of a 723, 810 or 950 keV 7  ray for 80 /is following implantation.
The intensities of the 227 and 723 keV transitions are equal within experimental 
errors (see Table 6.31). The sum of their transition energies matches the energy of the 
observed 950 keV transition. The summed intensity of the 227 (or 723) keV transi­
tion and the intensity of the 950 keV transition matches the intensity of the 810 keV 
transition within experimental uncertainty. It can therefore be concluded tha t the 227 
and 723 keV transitions decay in parallel to the 950 keV decay, with a branching ratio 
of 0.11:0.89(2), respectively (the order of the 227 and 723 keV transitions is not con­
firmed). These parallel branches feed or are fed by the 810 keV transition, again this 
ordering cannot be established in the current work.
Through time differentiated 7 -7  coincidence analysis, it is proved tha t these four 
7 -ray transitions are higher-lying in the 205Hg level scheme than those, which arise due 
to the I* = 13/2+ isomer. The proof for this comes from figure 6.33 (bottom), which 
selects events where the 723, 810 or 950 keV transitions are observed and then shows 
all of the 7 -rays tha t are observed at least 250 ns later in time for up to 80 /is fol-
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lowing implantation. Figure 6.33 (bottom) clearly shows coincidence with the 367 keV 
transition, which follows the decay of the =  13/2+ isomer.
Shell M odel Calculation and Interpretation
A shell model calculation is given in figure 6.34 (left) for 205Hg. Only the yrast 
and near yrast levels below 3.5 MeV and levels predicted to be higher lying than the 
I n =  13/2+ isomer are shown. The upper cut off derives from the sum energy of the 
observed 7 -rays.
27/2'
23/2"
3445 
3394 (23/2")
5.89(18) jj,s 
—  3316
19/2+ —  2803
(17/2+)
17/2+ - —  2421 227
15/2+ —  2201 (15/2+)
11/2+ ——  2063
9/2+ 1990 722
13/2+ — —  1630 13/2+
810
-2 5 0 6
2278
950
1.09(4) m s
1556
Figure 6.34: Left: A 205Hg shell model calculation. Only yrast and near yrast
levels that are above the known / 7r =  13/2+ isomer and below 3.5 MeV are presented. 
R ight: The interpreted level scheme. The relative width of parallel 7-ray transitions 
indicates the intensity of the branch.
Assuming tha t this nuclides low-lying excitations can be treated as “near” single­
particle in nature, there is a unique solution to the level scheme, which is presented 
in figure 6.34 (right). The isomer decays from the predicted I* =  27/2“ state by an 
810 keV E2> transition. The measured lifetime corresponds to a reduced transition 
probability of B (E 3) = 0.35(1) W.u.. An M2 transition between the I 71" — 23/2“ 
and 19/2+ states of the same energy would have a reduced transition probability of 
B (M 2) =  4 x 10-4; on this basis, it is discounted. The interpretation suggests tha t 
the transition between the I n =  17/2+ level and the I n = 15/2+ is the 227 keV 7  ray. 
It is noted tha t for the suggested level scheme, the internal conversion coefficients are 
all <5 % of the to tal decay intensity, consistent with the lack of observed X-rays.
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Iso m eric  R a tio
For the constructed level scheme, an isomeric ratio has been measured. This has 
been done for the two different transm itted charge states in Table 6.14. The mean 
isomeric ratio for this I*  =  (23/2") isomer is 3 .3 ^  %.
Table 6.14: Measured isomeric ratio of the D  = (23/2") isomer in 205Hg.
C h arg e  s ta te Iso m eric  ra tio  (% )
I 77 =  (2 3 /2 " )
Fully stripped —> Fully stripped 3 .3 tl
Fully stripped —» H-like 3.311
Mean 3 .3 5
6 .5 .2  204H g
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p lan ted
206gg Full strip —> H-like 2,550
206Qg H-like —> H-like 40,753
E x p e rim e n ta l In fo rm a tio n
The energy spectrum of the 7 -rays emitted from this nuclide is presented in 
figure 6.35. The transitions at 597, 965 and 1014 keV are previously unreported. The 
inset spectrum shows the time curve of these previously unreported transitions. The 
half-life is measured to be T i/2 =  20(2) ns. There are two further candidate transitions 
at 423 and 609 keV, however due to the low statistics, they are tentative. The low 
7 -ray statistics attained for this nuclide make intensity balances ambiguous. Due to 
the short half-life compared to the FRS flight time, the internal conversion branch(es) 
of the isomer is/are likely to be comparable in intensity to  the 7 -ray branch (es) and 
may be the dominant mechanism of decay.
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Figure 6.35: Gamma rays associated with 204Hg following implantation using the 
SR devices. Question marks indicate that a transition is uncertain. The inset decay 
curve arises from the 597, 964 and the 1014 keV transitions.
Shell M odel Calculation and interpretation
Previous work has populated excited states in 204Hg [93]. A 423.7 keV transition 
was observed to  decay into the I* = 7~ isomer [93,94]. The state emitting the 423.7 keV 
7 -ray transition was understood to be I  >  5. In the current work this energy matches 
the tentatively identified transition at 423 keV. This is consistent with the idea tha t 
the higher-lying isomer must feed the previously reported lower-lying isomer (or else 
the P" =  7~ isomer would not have transm itted through the FRS).
The shell model calculation for 204Hg is presented in figure 6.36 (left). Only states 
tha t might be involved following the isomer decay have been shown. The 423 keV 
transition is understood to arise from the P  =  9~ state. This is assigned because 
the calculated excitation energy difference between this state and the P  — 7~ state 
(455 keV) is close to the observed transition energy.
It is assumed tha t the P  =  11“ state feeds the P  =  9“ either by the 965 
or the 1014 keV transition. For the remainder of the level scheme the confidence 
over assignments is reduced. The P  =  14+ state is predicted to be yrast and is a 
strong candidate for being isomeric. The predicted P  =  12+ state state would most 
likely be fed by the decay of such an isomer. If this is the case, based on energetics, 
some transitions must decay in parallel and there must be transitions unobserved in
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4724
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142± =  f i l l  <14+)
10+ 4093
10"
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2307
Figure 6.36: Left: Results of a shell model calculation for 204Hg. Only near yrast 
levels that are above the known J7r =  7~ isomer and below 5 MeV are presented. 
R ight: The tentatively interpreted level scheme. Note that not all of the transitions 
have not been placed in the current work.
the current work. The possibility of unobserved transitions is consistent with the 
requirement of a significant internal conversion coefficient in the isomer. The limited 
experimental evidence forbids further examination, for this isomer it is not possible 
to establish a robust decay scheme. The limited tentative conclusions are shown in 
figure 6.36 (right).
6.5.3 205An
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
203j r Fully stripped —>Fully stripped 6,061
203j r Fully stripped —>H-like 85,506
KWOS Fully stripped —>H-like 218,261
199QS Fully stripped —» He-like 27,471
192W Fully stripped —* He-like 4,682
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Experimental Information
This is the first experimental information on excited states in 205An. The ground 
state has been suggested in a previous work to have I* =  (3/2+) [110]. The transitions 
observed in this nuclide are presented in figure 6.37.
>400
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■Jf 300
CD
£ 2 0 0
1 100
°0 250 500 750 1000 1250
Ey (keV)
Figure 6.37: Gamma rays associated with 205Au following implantation using the SR 
devices. The inset decay curve arises from the 737, 928, 946, 962, 980 and 1172 keV 
transitions.
Seven transitions are observed in the 7 -ray spectrum (243, 737, 928, 946, 962, 
980 and 1172 keV) for 205Au. They have a measured half-life of Ti/2 =163(5) ns. The 
measured intensities for these transitions (see Table 6.15) are for the absolute number 
of 7 -ray decays; internal conversion branches are not considered.
The energies of the 7  rays suggest tha t there are three parallel decay branches, 
with an additional cross-branch transition from the 243 keV 7  ray. The intensities of 
the 946 and 962 keV 7  rays do not match, indicating tha t there are more cross-branch 
transitions, or something more complex.
The statistics gathered allow for 7 -7  coincidence analysis. This has been per­
formed in figure 6.38. Selecting each of the transition energies individually, spectra 
have been produced. These show all of the other 7  rays observed to arrive within 
100 ns of the selected transition over A t =  25 —> 700 ns.
The 7 -7  analysis confirms tha t there are three decay branches and th a t the 
243 keV transition links two of them. Some ordering of transitions can now be made 
based on the measured 7 -ray intensities, I{E 1). Since 7(1172) < 7(737), the 243-928 
and the 1172 keV transitions must both feed the 737 keV transition. This also implies 
tha t the 980 keV transition is fed by the 928 keV transition. From the 7 -7  analy-
= 163(5) ns
737, 928, 946,
962, 980 and 1172keV
200 300 400 
Time (ns)
5
.C M
500 600 700
512 to A t  =  2 5 7 0 0  n s
256 9
128 o
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Table 6.15: Details of the measurements of 205An transitions, the statistics are di­
rectly extracted from the data presented in figure 6.37
E 7 (keV ) F W H M  (keV ) In te n s ity  (a .u .)
243.40 2.2 421 (53)
736.92 2.6 4738 (206)
928.25 2.5 2713 (174)
946.05 2.6 11231 (355)
962.48 2.8 13328 (387)
980.19 3.4 2830 (179)
1171.50 3.0 3859 (204)
736.92 +  1171.50 = 1908.42
928.25 +  980.19 =  1908.44
946.05 +  962.48 =  1908.53
243.40 +  736.92 +  928.25 =  1908.57
sis the 980 keV transition is in coincidence with the 962 keV transition but not the 
737 keV. The 962 keV transition must therefore feed the 980 keV. It also feeds the 
946 keV transition, as this transition is also observed in coincidence with the 980 keV 
transition, but with nothing else (these inferences are used to build the level scheme of 
figure 6.39 (left)).
There are however some unresolved issues with the proposed decay scheme (fig­
ure 6.39 (left)). There is no observed coincidence between the 928 and 946 keV transi­
tions. By any ordering of the observed 7  rays it is not possible to correctly explain all 
of the observed 7 -7  coincidence spectra of figure 6.38.
One possibility is tha t the 962 keV transition is a doublet. W ith this in mind, a 
possible level scheme is presented in figure 6.39 (right). The transition ordering agrees 
with all of the measured 7 -7  coincidence and the observed 7 -ray (and 7 -7  coincidence) 
intensities. There may be a 209 keV transition linking the stronger of the two 962 keV 
transitions and the 737 keV transition, but this remains experimentally inconclusive 
from the current data.
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Figure 6.38: Gamma ray coincidences associated with 205An. The gated transition 
is noted within each spectrum, the 7 -rays in the spectra were observed within 100 ns 
of the gated one. All of the involved 7-rays were observed in the range At =  25 —>
700 ns.
Shell M odel Calculation and Interpretation
A shell model calculation has been performed to interpret the spin-parities of the 
constructed level scheme. The key levels predicted by the calculation are shown in 
figure 6.40 (left). Excitation energies up to ~  3 MeV are shown. The predicted yrast 
77r =  11/ 2"" state is expected to be an isomer much longer lived than  the sensitivity of 
the experimental set up (see section 2.7.1). A more recent experiment has confirmed 
tha t the isomer exists, it has a half-life seconds long [111]. It is likely, therefore, tha t 
the observed isomer is higher-lying than the / 7r =  11/ 2" state.
According to the interpretation presented here, the unobserved 34 keV transi­
tion would be of E2  character, this would correspond to a B (E 2) = 1.1(2) W.u.. 
The isomer-depopulating 962 keV transition would likely be E3  character (B(E3) = 
0.40(9) W.u.). The shell model calculation predicts an 77r =  19/2+ state to be iso-
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Figure 6.39: Experimental determination of the 205 An level scheme. Left: built using 
only the observed transitions. It fails to match the experimental findings. R ight: 
assumes a 962 keV doublet. Note, the proposed 34 keV transition is not observed 
in the current data. This interpretation agrees with the measured experimental 
evidence.
meric and to feed the yrast / 7r =  15/2+ and 13/2" states. This suggests th a t the 
theoretically predicted ordering of the I n =  15/2+ and 19/2+ levels is the wrong way 
round. The decay branches from the I* =  15/2+ feed a collection of three states, 
the 77r =  13/2", 15/2" and 11/2". Their ordering is also different to the shell model 
prediction, however in this case a change of order requires only small perturbations to 
the level energies. All of these three states then decay into the I n =  11/ 2"  isomer.
Isomeric Ratio
The isomeric ratio of the proposed I* =  (19/2+) isomer has been measured for 
all of the three transm itted charge states (see Table 6.16). The He-like state records 
a distinctly lower ratio than the others. The theoretical internal conversion coefficient 
of the proposed unobserved 34 keV decay branch is a  = 855, but the K a coefficient is 
zero as the transition is below the electron binding energy. This branch should decay 
at the same rate for all three charge states. Internal conversion for the proposed E3  
962 keV branch would be small and of little effect, meaning that, the rate of decay of 
the isomer in-flight for the different charge states should be nearly identical. The mean 
isomeric ratio of the 77r =  19/2+ isomer is 6.5+^° %.
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Figure 6.40: Left: Results of the shell model calculation for 205Au. Only near yrast 
levels below ~  3 MeV and above the J7r =  11/2“ state are presented. R ight: The 
interpreted level scheme with speculative spin-parity assignments for 205Au. The 
relative widths of parallel decay branches are an indication of the branching ratios.
Table 6.16: Measured isomeric ratio of the / 7r =  (19/2+) isomer in 205Au.
C h arg e  s ta te Iso m eric  ra tio  (%)
I ” =  (1 9 /2 + )
Fully stripped —> Fully stripped 7 .7 tg
Fully stripped —► H-like 7.6ÎÏ2
Fully stripped —> He-like 4.2±l
Mean 6.51“
6.5.4 204Au
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p la n te d
206Hg Fully stripped —>Fully stripped 35,051
^ O s Fully stripped —>H-like 61,171
19*08 Fully stripped —>He-like 37,108
192W Fully stripped —>He-like 1,836
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Experimental Information
Only the (77r =  (2 - )) ground state of this nuclide has been previously reported [112, 
113]. The present observation of an isomer is thus the first measurement of excited 
states in the nuclide. The observed 7 -rays are shown in figure 6.41. Both 206Hg and 
205Au are situated next to 204Au on the identification plots (see figures 5 .11, 5.14 
and 5.15). These are two of the most strongly transm itted nuclides in the experiment 
and so a measurable degree of contamination is present. To a lesser degree, 203Au also 
contaminates the spectrum.
At = 0.5 - 6.5 jis
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Figure 6.41: Gamma rays associated with 204Au following implantation using the 
DGF devices. Top: One keV per channel binning. The inset decay curve uses the 
839 and 977 keV transitions. B ottom : Two keV per channel binning with “new” 
transitions not labelled in the top spectrum indicated.
When binning to 1 keV per channel, two 7 -ray transitions have been detected, 839 
and 977 keV. Measuring them gives a half-life of Ti/ 2 =  2.1(3) fis for the isomer. When 
the same detected 7  rays are binned at 2 keV per channel new candidate transitions 
are identified, these are 97, 277 427, and 704 keV. Note th a t the summed energy of the 
277 and 427 keV transitions is equal to the 704 keV. There is not enough data available 
for 7 -7  coincidence measurements.
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Shell M odel Calculation and Interpretation
Results of a shell model calculation for 204Au are presented in figure 6.42. Note 
tha t the predicted ground state level of I* =  0“ is in contradiction to  the experimental 
measurement of 77r =  (2“ ) [112,113]. From the calculation one would expect the 
I* = 12~ level to be isomeric. The available decay paths would result in an isomer 
tha t lives longer than the detection sensitivity. If the 77r =  10+ level were below 
the I* =  12“ in energy, then the isomer half-life would be significantly shortened; 
the resulting M2 decay could have a reasonable reduced transition rate, however this 
decay would likely be dominated by internal conversion. Assuming 100 % of decays 
takes place through intenal conversion, experimentally this would result in a to tal of 
up to 15 counts of K a X-rays on top of the background, which is 100 counts. There is 
no indication tha t this is the case in figure 6.41. It is not likely tha t this isomer is the 
result of decay from the 77r =  12“ state. No other candidate state has been identified, 
from the limited experimental data it is not possible in this instance to construct a 
level scheme.
14“---------2 7 7 6
11™--------  2619
10+_______2228
1 2 - - ------- 2152
Q+ 2038
6"  2022
8+ -x r 1336
5   1335
7+ ----- 1208
6 + ---------  1048
5 + --------- 779
3 " ---------  529
4 " ---------  445
2 " ---------   36
o — 0
Figure 6.42: Left: A 204Au shell model calculation. Only near yrast levels below 
the predicted first 77r =  14“ state are shown here.
6.5 SPECTROSCOPY OF PREVIOUSLY UNREPORTED ISOMERS 133
6.5.5 202Au
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
*%Hg Fully stripped Fully stripped 60,472
E x p e rim e n ta l In fo rm a tio n
The ground state of this nuclide has previously been observed [114] and is un­
derstood to have Z77 =  I - . No excited states have been measured previously. The 
current work has detected y-ray transitions at 138 and 414 keV (see figure 6.43), with 
a half-life of the isomer of Ti/ 2 =13.1(5) ns (from the 414 keV transition). Gamma-ray 
7 -7  coincidence measurements have been made, selecting events where the 414 keV 
transition is detected (see figure 6.43). The 138 keV transition is observed to be in 
coincidence with the 414 keV transition.
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Figure 6.43: Gamma rays associated with 202Au following implantation using the 
SR devices. Top: gamma-ray single events. The inset decay curve arises from the 
414 keV transition. B ottom : gamma-rays observed when a 414 keV 7-ray is also 
observed, both in the time range At =  10 —» 110 ns.
6.5.6 201Au
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
206Hg H-like —> Fully stripped 2,704
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Experimental Information
Excited states have been measured in 201 Au, but no 7 -ray transitions have pre­
viously been reported in this nuclide [96]. The 7  rays observed in this experiment are 
identified in the spectrum shown in figure 6.44. The observed 7 -rays do not match 
with any of the previously measured levels.
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Figure 6.44: Gamma rays associated with 201 Au following implantation using the 
DGF devices. The inset decay curve arises from the 378 and 638 keV transitions.
6 .5.7 204P t
Setting Charge state Number of nuclei implanted
203j r *
IMOS
2o2Os
2 0 3 jr *
1990S
202Og
192w
2o2Os
192W
Fully stripped -  
Fully stripped -  
Fully stripped -  
Fully stripped -  
Fully stripped -  
Fully stripped -  
Fully stripped -  
H-like —> H-like 
Fully stripped —
Fully stripped
Fully stripped
Fully stripped
H-like
H-like
H-like
H-like
He-like
54,058
3,951
8,950
11,750
11,140
1,567
703
109
645
* G am m a-ray detection tim e reduced from  380 to  85 g s  fo r  this setting.
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Experimental Information
Previously no measurements had been reported in the literature on 204P t. The 
greater portion (71 %) of the statistics for this nuclide in the present work come from 
the 203Ir FRS setting, where the 7 -ray measuring window is only 85 fis long. Two of 
the isomeric decays here are better observed with the longer correlation time from the 
other settings. The observed 7  rays associated with 204P t are shown in the spectrum 
presented in figure 6.45.
In figure 6.45 (a) 7  ray peaks are observed at 97, 1061 and 1158 keV for the 
range A t =  50 —> 850 ns following implantation, platinum X-rays are also observed. 
The sum of the energy of the 97 and 1061 keV transitions is equal, within experimental 
errors, to the energy of the 1158 keV transition. It is thus likely tha t these transitions 
form two parallel branches. The intensity ratio for the 97-1061 and 1158 keV branches 
is 0.85:0.15(3). In figure 6.45 (b) and (c), transitions at 872 and 1123 keV are also 
observed for the longer time ranges of A t = 1.5 —» 380 and 85 /is, respectively. The 
time curve measured for the 1061 and 1158 keV 7  rays gives Xi/ 2 =  146(14) ns for this 
isomer. The 872 and 1123 keV transitions both express the same shaped decay curve, 
indicating tha t they are both subject to a 2-component exponential decay. The 146 ns 
isomer is too short-lived to be the cause of this observed two component decay curve. 
It is thus concluded tha t three isomers are observed in the current work, with one 
associated with an unobserved low-energy transition. The experimental limit on this 
energy is 78.4 keV, for higher energies either the associated X-rays or the transition 
itself would be detected. The longer-lived component of the decay of the 872 and 
1123 keV 7  rays is best fitted using the 29 % of the data  which measures for 380 fis 
following implantation. The shorter component is fitted best using all of the data 
over the 85 /is range. This is done while using the already extracted half-life for the 
longer component. Both of these fits are performed using the Bateman equation for 
two successive exponential decays [17];
AgAi
A (t) = N0le -Xlt +  jV02 . 2 1 (e~Alt -  e ^ 2*) (6 .2)
À2 — Ai
where A(t) is the activity at time £, N q is the initial population of the isomeric state, A 
is the radioactive decay constant and the labelling 1 and 2 refer to the lower-lying and 
higher-lying isomers, respectively. The longer component is fitted to  be Ti/ 2 =  5 5 (3 ) fis
6.5 SPECTROSCOPY OF PREVIOUSLY UNREPORTED ISOMERS 136
200
150
100
50
0>
L—
CD 
Q .
cb  800 
3  600 
O  400
o  200 
W  0
T1/p = 146(14) ns 10°! At = 50 - 850 ns(a)
10 I
1.1061 and 1158keV
0 . 400
, IX rays, 97 Time (ns)
i i Hill fai l l ir
800
COo
nHrtMim
300
200
100
0
t m t At = 1.5 - 380 jxs (b)
oom
• Ou, 100 
-
200 300
Time (us)
400
Ti/o ~ 5.5(7) us
T1/„ =  55(3) us -
40 60 80
Time (us)
oo
2565 At = 1 . 5 - 8 5  MS (c)  
128s
00
Gate: 9 7 ,1061(d) 
and 1158 keV
50 100 150 200 250 300 
Time (us)
■ I  l i i i  i n
0 250
mmiiBimi m.i   mini n ,i i n I n
S
00
500 750
Ey (keV)
1000 1250
Figure 6.45: Gamma rays associated with 204Pt following implantation using the 
DGF devices, (a) All of the data recorded over the time range A t = 50 —> 850 ns. 
The inset decay curve arises from the 1061 and 1158 keV transitions, (b) the data 
over the time range At =  1.5 —» 380 fis. The inset decay curve arises from the 872 and 
1123 keV transitions, (c) All of the data over the time range At =  1.5 —> 85 /is, see 
text for details. The inset decay curve is gated on the 872 and 1123 keV transitions, 
(d) coincident gamma rays measured following observation of a 97, 1061 or 1158 keV 
transition in the same event. The inset shows the time difference between the arrival 
of the 97, 1061 or 1158 keV and the 872 or 1123 keV 7  rays.
(see the inset plot of figure 6.45 (b)). The shorter of the two isomers was measured 
to be T1/2 — 7(1) /is. Fitting all of the data over 85 /is, the fitted half-life of this 
shorter isomer was Ti/2 — 5.5(7), consistent with the value from the longer time gated 
measurement. The 5.5 fis value is considered to be the final measured value of the 
isomer.
The decay curve of the 872 and 1123 keV 7  rays implies tha t the 55 fis isomer is
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higher lying than the 5.5 /is isomer. In addition, the Ti/2. =  55 /is and 5.5 /is isomers are 
populated at comparable levels at the time of implantation. For all other combinations 
of the decay order and the initial population levels, distinctly different decay curves 
would result. These conclusions are highlighted schematically in figure 6.46.
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Figure 6.46: Schematic decay curves for transitions following two-component isomer 
decay. Black curves: a 5.5 /is isomer decays followed by a 55 /is isomer. R ed 
curves: the order is reversed. Different initial population ratios of the two isomers 
are used in each case, these ratios are indicated in the spectra.
Coincidence measurements between the 97, 1061 or 1158 keV transitions and any 
other 7  rays emitted later in time but from the same event have been made. These 
are shown in figure 6.45 (d). The plot shows coincidence with the 872 and 1123 keV 
transitions. This demonstrates tha t the T i/2 = 146 ns isomer is higher lying in the 
decay scheme than the other two isomers. It also proves tha t all three isomers are 
from a single cascade. The implantation rate of 204P t was 0.4 nuclei/s, thus chance 
coincidences with selected 7  rays emitted from a 204P t nucleus is negligible. This has 
similarly been the case for all of the 7 -7  measurements in this thesis. The relative 
population ratio at the time of implantation has been measured for the three isomers; 
this is consistent with the coincidence measurements. For the 146 ns, 5.5 /is and the 
55 /is isomers, the ratio is found to be 1.0:4.5:1.4(6), respectively.
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Shell M odel Calculation and Interpretation
Figure 6.47 presents two different 204P t shell model calculations, the interpreted 
level scheme, part of the experimentally known 206Hg level scheme [31, 87,88] and two 
206Hg shell model calculations. Shell model calculations (b) and (c) are modified from 
the calculation described in section 6.5. These modifications are detailed at the end of 
this section. Predictions (a) and (d) use the interaction and matrix elements th a t were 
described in 6.5 and these are considered first. For 204P t this shell model calculation 
predicts a /^  =  10+ state th a t is likely to be isomeric. The equivalent state in the N  = 
126 isotone 206Hg has been observed previously [31]. The highest-lying of the observed 
isomers, which emits the 97, 1061 and 1158 keV 7 -rays, matches expectations of decay 
from this F" =  10+ state. Assigning the 1158 keV transition an E3  multipolarity, 
corresponds to a reduced transition probability of 0.19(3) W.u.. This would correspond 
to the lOf —> 77 decay. The 97 keV transition then competes, depopulating the 
/ 7r =  10+ state to the 77r =  8+ state. The reduced transition probability for this
transition is 0.80(8) W.u.. The 1061 keV is likely emitted promptly following the
97 keV as a result of an E l  8+ —> 7~ decay.
The assignments relating to the I n =  (10+) isomer are robust. From the coin­
cidence measurements of the present work it is clear tha t the remaining two isomers 
follow the decay in the same cascade, i.e. they emit following decay of the proposed 
I n — 7~ level. Given the initial shell model proposed sequence, (increasing in energy) 
the predicted order of the 77r =  4+, 7[, 5 [ states is inconsistent with experimental 
findings. W ith the predicted order In the shell model predicted order, decay from the 
I n = 7~ state, which is known to be populated, would be expected to  be orders of 
magnitude longer-lived than the observed value, furthermore only a single isomer be 
observed, not two. By switching the order of the 77r =  5“ and 7~ states one successfully 
reproduces the prediction of a low-energy unobserved transition, which depopulates the 
55 fis isomer. For energies in the range 10 —» 78 keV the reduced transition rate of 
this unobserved 7 -ray would be 0.017 —> 0.0034 W.u.. In this scenario, the 77r — 4+ 
state would be expected to lie higher than the 77r =  5“ state, otherwise the second 
isomer would be destroyed due to an E l  transition between 5“ —> 4+ states. The 
5.5 fis isomer can be understood as an E3  decay from the yrast 77r =  5“ state to  the 
77r — 2+, which then decays to the ground state. This structure is synonymous to th a t
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Figure 6.47: Theory (a) and (d): A 204Pt and 206Hg shell model calculation,
respectively, performed using the interactions and matrix elements described in sec­
tion 6.5. Only near yrast up to jPr =  10+ state are shown. Theory (b) and  (c): 
Modified shell model predictions for the same nuclides, see text for details. Exp.: 
The proposed 204Pt level scheme and a partial level scheme for 206Hg [31]. The dom­
inant orbital configuration for each level is stated and relative 7 -ray widths indicate 
the branching ratios.
of the neighbouring N  =  126 isotone, 206Hg.
By removing two protons from 206Hg to 204Pt, the shell model calculations predict 
tha t the dominant orbital configuration of the / 7r =  2+ state changes from being 
dominated by (ttg^ ) -2  to (T rd s^ '^ ^ S i^ ) -1  [115,116]. This lowers the excitation 
energy of the 2+ state by about 200 keV when taking into account differences in single
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particle ((si/2)™1 vs. (^3/2) ^ )  and interaction ((d3/2)~2 vs. ( s i^ ) -1^ ^ ) -1) energies. 
On this basis (i.e. comparison with the shell model calculations) the 872 keV transition 
is understood to depopulate the I n =  2+ state. This is compared to a transition of 
1068 keV in 206Hg. The 1172 keV transition is thus assigned to depopulate the I*  =  5“ 
state, with a reduced B (E 3) transition rate of 0.039(5) W.u..
S uggested  M od ifica tions to  th e  Shell M odel P a ra m e tr is a t io n
In light of the new N  =  126, Z  <  82 proton-hole information (both the present 
data and tha t on 206Hg [31]), modifications are suggested to the Rydstrom interac­
tion [109]. There are three changes suggested by H.G. Maier and H. Grawe [115,116].
(i) The (^3/2^ 11/2)7-  two-body m atrix element has been increased by +135 keV, im­
proving agreement with 206Hg.
(ii) The (51/2^5/2) monopole has been increased by +250 keV. This accounts for the
204P t 4+ level energy and the increased blocking of the 'h u /2 <S> 3“ coupling, 
lowering the effective d5/2 single-hole energy.
(hi) From a systematic search of the influence of non-diagonal two-body matrix ele­
ments on the E2  strength evolution from 206Hg to 204Pt, the (51/2^ 11/2; d 'a /^hn^e-  
two-body matrix element has been affected by +160 keV.
Using the currently available experimental information it is not possible to  fit a 
unique solution for the modified matrix elements. However with these three simple 
changes to the Rydstrom [109], the excited states in both 206Hg and 204P t are well 
reproduced. Importantly this includes altering the order of the 5"~, 4+ and 7~ states to 
be consistent with the deduced ordering in 204Pt. These discussed shell model changes 
for 206Hg and 204P t are implemented in figure 6.47 (b) and'(c). They are not applied 
to any other shell model calculations in this thesis.
The modified shell model calculation E2 and E3  strengths are in agreement with 
experiment (see Table 6.17), with the exception of the 5“ —» 2+ decay in both the 
206Hg and 204P t case. This is most likely due to the 77r =  2+ wave function, which is 
poorly described in a pure proton model space.
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Table 6.17: Transition strengths for experiment, the Rydstrom [109] shell model 
(SM) and the new two-body matrix elements (SMmocz), in 206Hg and 204Pt. Effective 
charges for protons of 1.5 and 2.0 e for E2 and £3, were used, to reproduce the 206Hg 
10+ —>8+ E2 and 10+ — E3 transitions [31].
T ran s itio n E L
B { E L )  (W .u .)
exp. SM SM mod
206H g
10+ —> 8+ E2 0.94(15) 0.87 0.87
10+ -»• 7~ E3 0.25(3) 0.17 0.21
7~ —> 5“ E2 - 2.93 2.89
5" ->2+ E3 0.18(2) 1.17 0.91
202P t
10+ 8+ E2 0.80(8) 2.64 1.22
10+ -> 7~ E3 0.19(3) 0.21 0.22
7~ 5“ E2 0.017—> 0.0034“ 1.21 0.0037
5" 2+ E3 0.039(5) 0.713 0.612
aA ssum ing a transition  energy between 10 —> 78 k eV
Isomeric Ratios
From the decay scheme established in the current work, the isomeric ratios have 
been deduced for the three isomers in 204Pt, for both the (F  — F) and (F  — H ) charge 
states. As the 7 -ray (and X-rays) responsible for the depopulation of the J 7r =  (7“ ) 
isomer are not directly observed, 872 and 1123 keV 7  rays are used to establish the 
isomeric ratio of this and the I* =  (5_) isomer. This method propagates significantly 
the uncertainty of the measurement, despite the large statistics. The results are pre­
sented in Table 6.18, the mean isomeric ratios for the 7^ — (5_), (7~) and (10+) states 
are 40^20 26.9ig2 % and 9.2132 respectively.
The isomeric ratios quoted for the I* = (5“ ) and (7_) states in Table 6.18 each 
include feeding from the other, higher-lying observed isomers. After subtracting these 
effects, the mean isomeric ratios become !7.7+^ % for the I* = 7~ isomer and 22+^ % 
for the / 7r =  5“ isomer.
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Table 6.18: Measured isomeric ratios of the / 7r — (5 ), (7- ) and (10+) isomers in 
204Pt.
C h arg e  s ta te Isom eric  ra tio  (% )
r r =  ( 5 - ) .
Fully stripped —► Fully stripped 
Fully stripped —> H-like 
Mean
■42tS.
3 9 ig
4 0 t g "
=  (7 " )
Fully stripped —> Fully stripped 
Fully stripped —> H-like 
Mean
27 .6 ig
26.3ÎS
26 .9 ig
I *  =  (1 0 +)
Fully stripped —> Fully stripped 
Fully stripped —> H-like 
Mean
K T ig
9 . 7 ^
9 .2 tf2
6.5.8 203P t
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
203j r
aBQs
:990s
203^
:99Qs
192W
202OS
:99Qs
192W
Fully stripped -  
Fully stripped -  
Fully stripped -  
Fully stripped -  
Fully stripped -  
Fully stripped -  
H-like -♦ H-like 
Fully stripped -  
Fully stripped —
Fully stripped 
Fully stripped 
Fully stripped 
H-like 
H-like 
H-like
He-like
He-like
202,945
471
13,487
41,293
53,230
4,065
625
2,937
2,335
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Experimental Information
In the one previous study on this nuclide, only the tentatively assigned / 7r =  
(1/2™") ground state has been identified [117]. In the current work, an 1104 keV tran­
sition has been observed, which is shown in the spectrum in figure 6.48. The half-life 
of the isomer is measured to  be =  641(55) ns.
160 T1/2 = 641(55)ns • At = 0.3 - 6.5 ps
CL
T im e  (u s )
1000  12502 5 0 5 0 0  
E YkeV)
750
Figure 6.48: Gamma rays associated with 203Pt following implantation using the 
DGF devices. The inset decay curve arises from the 1104 keV transition.
Shell Model Calculation and Interpretation
In figure 6.49 (left) a shell model calculation for 203P t is presented. Only the pre­
dicted near yrast levels are presented up to ~  3 MeV. One might expect the predicted 
/ 7r =  13/2+ level to be isomeric, which is likely longer-lived than the experimental sensi­
tivity. One would also expect to  observe a ~  400 keV transition across the 5/ 2“ —> 1/ 2™" 
states for all decay below the J 7r =  13/2+ level. It is thus anticipated th a t the observed 
isomer is higher-lying than this state, it most probably decays into it.
If the 1104 keV transition depopulates directly the isomer it is likely th a t the 
decay is of E2> (or possibly M3) character based on reduced transition rates. Other 
explanations for the existence of this isomer depend on introducing unobserved transi­
tions, which are low enough in energy to be beyond detection sensitivity. Noting tha t 
the array is sensitive to Platinum K a X-rays, this places their energies <  78.4 keV.
Examination of the shell model prediction in figure 6.49 does not identify any 
candidates for decay of the isomer directly by the 1104 keV transition. The addition 
of an unobserved transition does not explain the structure either.
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27/2- —— -------  2954
17/2+ ----- --------  2241
19/2+ ------ 2 1 3 1
13/2- ---------------- 1968
11/2+ 1785
15/2+ 1766
13/2+ 1484
9/2“ 1477
7/2 ------  1210
3/2" -------- — 533
5/2 396
1/2- ------- ----- 0
Figure 6.49: A 203Pt shell model calculation. Only yrast and near yrast levels are
presented up to ~  3 MeV.
6 .5.9 199P t
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
206Hg Fully stripped —> Fully stripped 3,970
206Hg H-like —» Fully stripped 4,869
There have been several previous studies regarding 199P t [118-124]. Among these 
studies, an isomer has been observed [118,119], with spin-parity I*  =  (13/2+) and 
Ti/2 =  13.6 s. The current experiment is not sensitive to  such a long-lived isomer
E x p e rim e n ta l In fo rm a tio n
The observed 7 -rays associated with 199P t are shown in figure 6.50. There are 
three transitions observed at 319, 419 and 597 keV. The measured half-life of the isomer 
is T1/2 — 18.6(34) ns. Due to the half-life being short compared to the flight time it 
is assumed tha t there is a low-energy, highly converted unobserved transition which 
directly depopulates the isomer.
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Figure 6.50: Gamma rays associated with 199Pt following implantation using the SR 
devices. The inset decay curve arises from the 319, 419 and 597 keV transitions.
Isomeric Ratio
In this case the isomer decay scheme has not been deduced, but it is possible to 
set limits on the isomeric ratio for the (F — F) charge state only. This is achieved 
by assuming the observed transitions have branching ratios of 100 % and internal 
conversion coefficients of zero. In the limit of zero decays in-flight the minimum isomeric 
ratio is found to be 5 . 4 ^  % (see Table 6.19).
Table 6.19: Minimum limit for the isomeric ratio of the isomer in 199Pt, assuming 
that all the observed transitions have branching ratios of 100 % and o; =  0.
C h arg e  s ta te Iso m eric  ra tio  (%)
I 77 — u n k n o w n
Fully stripped —> Fully stripped >  5 . 4 ^
6.5.10 197P t
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p la n te d
206 Hg H-like —> Fully stripped 7,414
Two isomers have been identified in 197P t [118,125-130]. The first excited state  is 
an isomer with a half-life of 16.6(2) ns, this decays by a 53 keV E2  transition [125-127].
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There is also an I*  =  13/2+ isomer, which has a half-life of 95 minutes [118,127-130]. 
The currently discussed experiment did not observe either of these.
Experimental Information
The 7  rays associated with 197P t as measured in the current work are shown in 
the spectra in figure 6.51. Three previously unreported transitions have been observed 
associated with 197Pt; at 375, 432 and 547 keV. In events where either a 375, 432 or a 
547 keV transition is observed in the range A t =  5 —> 70 ns following implantation the 
remaining two transitions are observed to be coincident over the same time range. The 
measured half-life of the isomer, using these three transitions is Ti/ 2 =  10.2 (12) ns.
At = 5 - 70 ns T ., = 10.2 (13) ns
20 30
Time (ns)
JihlL
EY(keV)
1000
Figure 6.51: Gamma rays associated with 197P t following implantation using the SR 
devices. The inset decay curve arises from the 375, 432 and 547 keV transitions.
The short half-life of the observed isomer implies that, for this isomer to transm it 
through the FRS the direct decay from the isomer must be highly converted. Note tha t 
the nuclei were transm itted in (H  — F) charge states, internal conversion of K-shell 
electrons could take place for approximately half of the flight time. It is therefore likely 
tha t the isomer-depopulating transition has an energy less than the K-shell binding 
energy (for a H-like ion) for platinum (i.e. E^ =  91 keV).
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6.5.11 20SIr
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p lan ted
203j r Fully stripped —> Fully stripped 1,296
2°2Os Fully stripped —>Fully stripped 995
iMQs Fully stripped —» Fully stripped 4,807
203 j r Fully stripped —» H-like 153
1990S Fully stripped —>H-like 546
192w Fully stripped —>H-like 207
E x p e rim e n ta l In fo rm a tio n
No previous studies have been reported in the literature on 203Ir. The current 
data makes this the lightest N  =  126 nuclide to have been experimentally measured 
to date. The 7 -rays associated with the implanted nuclei are shown in figure 6.52.
T1/2 =798(350) ns
Ey (keV)
Figure 6.52: Gamma rays associated with 203Ir following implantation using the DGF 
devices. The decay curve of the left inset is from the 841 and 895 keV transitions, 
the existence of the 207 keV transition is uncertain.
Two 7 -ray peaks have been identified associated with an isomer in 203Ir, at 841 
and 895 keV, a third peak is tentatively identified at 207 keV. The half-life associated 
with the decay of the 841 and 895 keV transitions is Ti/ 2 =  798(350) ns.
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Shell M odel Calculation and Interpretation
A shell model calculation for this N  =  126, closed shell nuclide is shown in 
figure 6.53 (left). It has one pair of protons less than f^A u, and thus might be expected 
to exhibit similar low-lying excitations. The shell model predictions for these two 
nuclides are indeed similar.
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23/2+
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19/2-
15/2-
11/ 2 -
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11/2“
5/2+
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2220 
2110
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1417
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238
0
(11/2+)
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895
Figure 6.53: R ight: a 203Ir shell model calculation showing only the predicted near 
yrast levels up to I™ =  21/2+. Left: the proposed decay scheme for 203Ir.
As with 205 Au, the first 77r =  11/2- state is anticipated to isomeric, with a lifetime 
greater than the sensitivity of the current experiment. The currently observed isomer 
most probably decays into this state. Again analogous to 205Au, should any of the 
group of three states (J7r =  13/2-, 11/2“ and 15/2-) be populated, they would most 
likely decay promptly to  the predicted J 7r =  11/2“ isomer. The predicted energy of 
such transitions is similar to  two of the experimentally observed 841 and 895 KeV 
transitions.
An im portant difference between 205Au and 203Ir is th a t the first J 7r =  19/2- 
state in 203Ir is predicted to lie lower than the I* = 19/2+ state, which in 205Au is 
proposed to be responsible for the isomerism. An E l  decay via 19/2- —> 19/2+ creates 
a much quicker decay pathway for this state. In addition, the T7r =  23/2+ state is now 
anticipated to lie lower than the yrast 77r =  19/2+ state, but not the 77r =  19/2- . W ith 
this configuration the P  =  23/2+ state is expected to become isomeric and would likely
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decay by an 23/2+ —> 19/2"" M 2  transition. The transition could be mediated by the 
207 keV candidate y-ray transition. A 207 keV M 2  transition would have a reduced 
transition rate of 0.59 W.u. and an internal conversion coefficient of a  =  3.99.
Following the proposed M 2  transition the shell model calculations predict tha t 
the 77r =  15/2"" state would be populated. Unlike the three parallel routes of 205Au, only 
one decay branch is anticipated to dominate the decay path. The 15/2"" —» 11/2“ decay 
is understood to be mediated by either the 895 keV transition or the 841 keV transition, 
note th a t the transition assignments are based on their energy when compared to the 
shell model predictions, the order of the 841 and 895 keV transitions is not measured.
Isomeric Ratio
From the proposed, tentative level scheme for 203Ir, the isomeric ratio has been 
measured for the I* = (23/2"") state. The statistics for the (F -  H ) charge state are 
too poor for a measurement to be made. Table 6.20 presents the measurement for the 
(F — F) charge state, this is found to be 4 .7 t^  %.
Table 6.20: Measured isomeric ratio of the J71" =  23/2+ isomer in 203Ir.
C h arg e  s ta te Isom eric  ra tio  (%)
I *  =  (2 3 /2 + )
Fully stripped —» Fully stripped i . r t l l
6.5.12 202Ir
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p la n te d
^ I r Fully stripped —>Fully stripped 11,039
202Ir Fully stripped —» Fully stripped 4,897
1990s Fully stripped —» Fully stripped 14,915
2% Fully stripped —» H-like 1,080
199QS Fully stripped —>H-like 1,169
192W Fully stripped —» H-like 2,370
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Although the half-life of the ground state of this nuclide has been measured 
previously [131], the spin-parity is not known. From systematics of similar nuclides the 
ground state has been predicted to most likely be / 7r =  1~ or 2~.
Experimental Information
The 7 -rays measured in association with implanted 202Ir nuclei are shown in 
figure 6.54. Five 7 -ray transitions have been detected, these are at 312, 656, 737, 889 
and a 968 keV. Iridium K X-rays are also detected. The sum energy of the 312 and 
656 keV transitions is equal to the 968 keV transition, suggesting tha t parallel branch 
decays take place between a 312-656 route and 968 keV decay path. The half-life of 
the isomer is measured using the 656, 737 and 889 keV transitions, Xi/ 2 =  3 .4 (6) /is.
T . — 3.4(6) }j.sA t  =  0 . 1 5  -  8  j x s
656, 737 and 889 keV
4
Time (us) 
h-
K
05 CO 
00 CO CO O)
2 5 0
lii » B  llBlllil
5 0 0
Ey(keV)
7 5 0 1000
Figure 6.54: Gamma rays associated with 202Ir following implantation using the DGF 
devices. The inset decay curve is from gates on the 737 and 889 keV transitions.
Comparison with Shell M odel Calculations
A shell model calculation for this nuclide is presented in figure 6.55. Notice tha t 
an I 77 — 0“ state is predicted to be the ground state, counter to the previous systematics 
prediction [131]. A level scheme cannot be constructed from the available information. 
It is however probable tha t the isomer-depopulating transition is of M2 character, on 
the basis tha t the simplest way in which the isomer can be reproduced is either by 
decay of 12“ —> 10+ or 11+ —» 9_ states. However, both of these decay mechanisms 
would require considerable adjustment to the predicted excitation energies. All other 
states would demand even larger changes to the prediction if they are to reproduce the
isomer.
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Figure 6.55: 
to r  = 18+
Given tha t it is not clear which shell model predicted state corresponds to the 
observed isomer and also what spin the ground state is, it is not possible to construct 
a level scheme for this nuclide in the current work. It is concluded here however tha t 
the observed X-rays arise due to the internal conversion decay branch of the isomer- 
depopulating M 2  transition.
Isomeric Ratio
Although a level scheme has not been established in the current work for 202Ir, it is 
possible to make a reasonable measurement of the isomeric ratio. Given tha t the isomer 
half-life is long when compared to the flight time (Ti/ 2 =  3.4 fis >> ToF  ~  300 ns) 
negligible decays take place in-flight. For the isomeric ratio measurement it is assumed 
tha t the most intensely observed 7 -ray (737 keV) does not compete with any other
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6 + — -------------765
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significant decay routes and th a t this transition has an internal conversion coefficient 
of a  =  0. No measurement is made for the (F  — H ) charge state, due to the limited 
statistics. The resulting isomeric ratio is found to be 0.7lg%.
Table 6.21: Measured isomeric ratio of the / 7r =  ( l l - ) or (12+) isomer in 202Ir, 
understanding it to decay by an M2 transition. The measurement is made using 
only the 737 keV transition under the assumption that zero decays take place in­
flight, that the transition does not compete with other decay paths and that the 
internal conversion coefficient of the transition is zero.
C h arg e  s ta te Isom eric  ra tio  (%)
I *  =  (1 1 - )  or (1 2 +)
Fully stripped —» Fully stripped 0 .7 «
6.5.13 201Ir
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
203j r Fully stripped —> Fully stripped 65,831
202OS Fully stripped —> Fully stripped 6,950
1990S Fully stripped —> Fully stripped 62,390
203 Jr Fully stripped H-like 7,764
1990S Fully stripped -► H-like 8,559
192W Fully stripped -> H-like 13,515
192 W Fully stripped —> He-like 450
E x p e rim e n ta l In fo rm a tio n
This nuclide has not been experimentally studied prior to  the current work. The 
7 -rays associated with this nuclide from isomeric decay are presented in figure 6.56. 
Three characteristic transitions have been observed at energies of 440, 452 and 681 keV. 
The half-life of the isomer is measured to be =  10.5(17) ns, suggesting tha t the 
decay transition(s) from this isomer is/are significantly converted.
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Figure 6.56: Gamma rays associated with 201Ir following implantation using the SR 
devices. The inset decay curve arises from the 440, 452 and 681 keV transitions.
Isom eric  R a tio
In this instance there is considerable uncertainty regarding the branching ratio of 
transitions. In order to place a limit on the isomeric ratio of the 201 Ir isomer measured in 
this current work it is assumed tha t the summed intensity of the observed transitions 
is the total 7  ray intensity from the decay of the isomer, tha t internal conversion 
coefficients of those transitions are zero, and tha t there is 100 % transmission of the 
isomer in-ffight. Table 6.22 shows the result for the (F — F) in-flight charge state.
Table 6.22: Minimum limit for the isomeric ratio of the isomer in 201Ir, assuming 
that the summed intensity of the transitions observed in this work is the total 7  ray 
intensity from the decay of the isomer, that the internal conversion coefficients of 
those transitions are zero and that there is 100 % transmission of the isomer in­
flight.
C h arg e  s ta te Iso m eric  ra tio  (%)
I 77 =  u n k n o w n
Fully stripped —> Fully stripped IV to ri KB
5(17) ns 64 £ At = 1 5 -8 5  ns
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4  fc
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6.5.14 200Ir
Setting Charge state Number of nuclei implanted
203Ir Fully stripped —► Fully stripped
1990s
203 j r
199QS
!92\y
192W
2920S
Fully stripped 
Fully stripped 
Fully stripped 
Fully stripped 
Fully stripped
Fully stripped
H-like
H-like
H-like
He-like
H-like —> Fully stripped
120,099
154,040
10,811
24,730
43,661
1,023
224
Experimental Information
No experimental studies have been reported prior to the current study on this 
nuclide. The 7  rays associated with the implantation of 200Ir are shown in the spec­
trum  of figure 6.57 (top). Two transitions are observed, one at 120 and the other at 
127 keV. These two transitions are measured to have different half-lives, indicating tha t 
they originate from two separate isomers. The half-life associated with the 120 keV 
transition is T y 2 = 17.1(12) ns and the 127 keV is T i/2 = 28.5(15) ns.
Note tha t although the SR timing devices are used for these measurements, the 
120 and 127 keV transitions are intense enough to  be observed even with the reduced 
efficiency at low energies. However, as the efficiency continues to drop for decreasing 
energies, any X-rays tha t might be associated with them still would not be expected 
to be detected.
If one of the isomers feeds the other, one of the decay curves would be expected 
to express a two-component decay shape. Such decay behaviour has not been observed 
(see figure 6.57 (insets)). Furthermore assuming 100 % feeding of one of the transitions 
to the other, one expects to observe ~  16 coincidences between the two transitions in 
the spectrum in figure 6.57 (bottom). Figure 6.57 (bottom) shows 7 -rays observed 
in the same event as the 120 keV transition gives no such coincidence. It is thus 
interpreted tha t tha t they decay through independent routes.
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Figure 6.57: Gamma rays associated with 200Ir following implantation using the SR 
devices. Top: gamma-ray single events. The top inset decay curve arises from 
the 127 keV transition, the lower from the 120 keV transition. B ottom : gamma- 
rays observed in the same event as an observed 120 keV transition over the range 
At =  15 —> 250 ns following implantation.
Isomeric Ratios
When assuming 100 % transmission and th a t the 120 and 127 keV transitions 
each directly depopulate one of the two 200Ir isomers observed in this work, non-physical 
results are measured (i.e. the isomeric ratio is found to be greater than 100 %). It 
has been concluded by the author tha t this could be due to the significant uncertainty 
regarding y-ray detection efficiency with the SR TDC devices at low energies. On this 
basis, this information is not considered to be a reliable indication of whether or not 
the isomers are being depopulated by transitions unobserved by the currently described 
experiment.
Isomeric ratio measurements have been made for the ( F —F)  charge state for both 
of the 200Ir isomers observed in this work, assuming tha t each isomer is depopulated 
by an unobserved transition; 100 % transmission of the isomers through the FRS; tha t 
the 120 and 127 keV y-ray transitions have internal conversion coefficients of zero and 
are the only branch of decay from the isomers they are associated with. The isomeric 
ratio values are given in Table 6.23. It is assumed tha t if there are transitions emitted
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following the decay of these isomers, which have not been observed by the present work 
tha t the energy of such transitions is less than 250 keV (this is the energy at which the 
SR efficiency problem becomes pronounced when compared to the DGF efficiency).
Table 6.23: Minimum isomeric ratios of isomers in 200Ir. These assume 100 % trans­
mission of the isomers; the existence of isomer-depopulating transitions unobserved 
by the present work; zero internal conversion of the 120 and 127 keV transitions and 
that they are each the only branch of decay from the two isomers.
C h arg e  s ta te Iso m eric  ra tio  (%)
J 7r =  u n k n o w n  (T i/ 2 =  17.1 ns)
Fully stripped —» Fully stripped >  3.51^
I 77 =  u n k n o w n  (T i/ 2 =  28.5 ns)
Fully stripped —> Fully stripped >  6.4Î™
6.5.15 199Ir
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
203 j r Fully stripped —» Fully stripped 54,601
1990S Fully stripped —> Fully stripped 196,253
192W Fully stripped —> Fully stripped 63,814
203 j r Fully stripped —> H-like 8,049
19908 Fully stripped —► H-like 34,905
*%Os H-like —> Fully stripped 689
192W Fully stripped —» He-like 1,090
E x p e rim e n ta l In fo rm a tio n
This nuclide has no previously reported excited states. The tentatively observed 
isomer from reference [54] has been discounted following the discussion in section 6.4.2. 
A previously unreported isomer has been observed in the current work, this is shown 
in figure 6.58.
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Figure 6.58: Gamma rays associated with 199Ir following implantation using the SR 
devices. The time curve of inset (a) arises from the 448, 500 and 547 keV 7 -rays, the 
curve of inset (b) comes from the 597 keV.
Figure 6.58 identifies transitions at the energies 448, 500, 547 and 597 keV from 
isomeric decay in 199Ir. The intensity of the 597 keV transition is distinctly lower 
than the other transitions. The half-life, measured for the 448, 500 and 547 keV 
transitions, is found to be T1/2 =  8.8(4) ns, while the 597 keV transition gives a value 
T1/2 =  12.0(13) ns. It is thus not clear whether the 597 keV transition is emitted due 
to the decay of a second isomer.
Coincidence measurements have been performed, see figure 6 .59 . These indicate 
tha t the 500 keV transition is in self-coincidence, suggesting tha t it is a doublet. Sum­
ming the 7  rays observed in the range A t =  10 -> 70 ns when a 448, 500 or 547 keV 
transition is observed in the same range (see figure 6.59 (d)), there is tentative coin­
cidence with the 597 keV transition; this does not eliminate or confirm the possibility 
tha t there are two isomers. Given tha t the time range 10 —» 70 ns is near the prompt 
flash, where the statistics are very sensitive to the data  selection, the two sigma agree­
ment of the two half-life measurements has in this work been considered to be from the 
same isomer. In this work it concluded that only one isomer is observed, but a second 
is possible. The weighted mean of the half-life measurements is Ti/ 2 =  9.1(4) ns.
Caamano et al. [54] have previously measured an isomer in 200P t to have a half- 
life of 10.3(24) ns, which was claimed as “the shortest-lived isomer yet observed as a 
primary product of projectile fragmentation” . This isomer in 199Ir in the present work 
would surpass this limit.
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Figure 6.59: Gamma-ray coincidence in 199Ir, the gated transition(s) is/are named 
within each of the four spectra. The gated and the coincident transitions are all 
emitted in the time range At =  10 —> 70 ns following implantation.
Iso m eric  R a tio
It is likely tha t the isomer in 199Ir is depopulated by a transition which is unob­
served in this work. In the range a  =  0 —» oo and assuming any one of the observed 
transitions directly depopulates the isomer it is measured in the current work th a t the 
isomeric ratio is non-physical, i.e. it is greater than 100 %.
Assuming th a t a transition unobserved by the present work depopulates the iso­
mer; 100 % transmission of the isomer; tha t the 448 keV transtion has an internal 
convesion coefficient of zero and a branching ratio of 100 % an isomeric ratio is mea­
sured for the (F — F) charge state, this is found to be %, see Table 6.24. It is
determined tha t the energy of an unobserved tansition is likely to be less than 250 keV, 
as this is where the efficiency reduction due to using the SR timing devices becomes 
pronounced.
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Table 6.24: The lower limit for the isomeric ratio of the isomer in 199Ir. This assumes 
that a transition unobserved in the present work depopulates the isomer; 100 % 
transmission of the isomer; that the 448 keV transition has an internal conversion 
coefficient of zero and that its branching ratio is 100 %.
C h arg e  s ta te Isom eric  ra tio  (%)
J 7r =  u n k n o w n
Fully stripped —» Fully stripped >  1.6±%
6.5.16 195Ir
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p la n te d
206 Hg H-like —> Fully stripped 7,962
There have been several studies performed previously, which have measured states 
in 195Ir [132-134]. Importantly the yrast I* =  11/ 2" state has been observed to be 
isomeric, at an excitation energy of 100 keV with a half-life is T y 2 =  3 .8 (2) hours. It is 
likely tha t the currently observed isomer will decay into this isomer, The ground state 
spin-parity of this nuclide is I* =  3/2+ [132-134].
E x p e rim e n ta l In fo rm a tio n
In the 7 -ray spectrum shown in figure 6.60, transitions are detected at 268, 405, 
477, 538 and 567 keV and the half-life associated with these transitions is Ti/ 2 =  
4.4(6) //s.
Iso m eric  R a tio
As the half-life of the isomer is considerably larger than the FRS transmission 
time (Ti/2 =  4.4 fis c.f. ToF  ~  300 ns), losses due to  in-flight decays can be essentially 
neglected. W ithin uncertainties, the intensity of all of the transitions are identical 
(assuming a  ~  0 for the internal conversion of these transitions), see Table 6.31. The 
isomeric ratio is measured in Table 6.25, this comes to l.l+g %, assuming th a t all the 
transitions have a branching ratio of 100 %.
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Figure 6.60: Gamma rays associated with 195Ir following implantation using the DGF 
devices. The inset decay curve is taken from the sum of the 268, 405, 477, 538 and 
567 keV transitions.
Table 6.25: Isomeric ratio of the isomer in 195Ir. This assumes that the branching 
ratios of all the observed transitions is 100 % and that all of their internal conversion 
coefficients are approximately zero.
C h arg e  s ta te Iso m eric  ra tio  (%)
J 77 =  u n k n o w n
H-like —> Fully stripped 1 .1Ü
6.5.17 199Os
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p la n te d
Fully stripped —>Fully stripped 9,530
awQs Fully stripped —» Fully stripped 3,933
i"O s Fully stripped —>Fully stripped 11,491
192W Fully stripped —» Fully stripped 510
i"O s Fully stripped —>H-like 719
192W Fully stripped —>H-like 2,405
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Experimental Information
The ground state half-life of this nuclide has been measured previously [135], but 
no excited states have been reported prior to the current work. This study offers the 
first information on excited states with the observed 7  rays presented in the spectrum 
shown in figure 6.61. Transitions are observed at 379, 402, 425, 736 and 971 keV. 
The half-life associated with the decay curve of the sum of all of these transitions is 
Ti/2 =  25.2(20) ns. As this is another isomer whose half-life is considerably shorter 
than the FRS transmission time, it is understood th a t the direct decay conversion 
electron decay branch(es) is/are large.
1 sldtohhàsEflL 
7 5 0  1000
Ey (keV)
Figure 6.61: Gamma rays associated with 199Os following implantation using the SR 
devices. The inset decay curve arises from all of the transitions.
Isomeric Ratio
A limit has been placed on the isomeric ratio of the isomer observed in 199Os, 
this limit assumes 100 % transmission of the isomer in-flight and th a t the 402 keV 
transition has a branching ratio of 100 % with an internal conversion coefficent of zero 
(the 402 keV transition is used as it is the most intensely emitted by 199 Os of those 
observed in this work, see Table 6.31).
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Table 6.26: The lower limit for the isomeric ratio of the isomer in 199 Os. This assumes 
that there is 100 % transmission of the isomer in-flight, that the branching ratio of 
the 402 keV transition is 100 % and that its internal conversion coefficient is zero.
Charge state Isomeric ratio (%)
J 71’ =  u n k n o w n
Fully stripped —* Fully stripped >  1.4±6
6.5.18 198Os
Setting Charge state Number of nuclei implanted
203j r Fully stripped —>Fully stripped 28,728
202Qg Fully stripped —» Fully stripped 3,081
i"Os Fully stripped —>Fully stripped 30,794
192W Fully stripped —>Fully stripped 3,496
i"Os Fully stripped —> H-like 2,906
192w Fully stripped —» H-like 8,805
Experimental Information
There have been no previous studies on this nuclide. The 7 -ray spectrum in 
figure 6.62 (top) shows transitions observed at 330, 412, 447, 465, 473, 527, 544, 607, 
608 and 886 keV. The 607 and 608 keV transitions are close in energy such tha t 
they cannot be independently resolved. By measuring the additional width of the 
F W H M  than for a single peak of similar energy, it has been determined tha t the 
two transitions are approximately 1 keV apart, centred about 607.79 keV. The 7 -7  
coincidence spectrum of figure 6.62 (bottom) proves the existence of the doublet, it 
also shows tha t these transitions are not in coincidence with the 412, 473 and 886 keV 
peaks. The 465 keV coincidence spectrum (shown in figure 6.62 (middle)) shows tha t 
this transition is emitted in coincidence with all of the other observed transitions in 
this nuclide. Other findings regarding the energy of the transitions are tha t the sum 
energy of the 412 and 473 keV transitions match the energy of the 886 keV, within
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experimental errors. The sum energy of the 607 and 608 keV transitions similarly 
match tha t of the 886 (or 412-473) plus the 330 keV transition. These are indications 
of parallel decay branches and are backed by 7 -7  coincidence data.
Decay curves have been fitted for two groups of transitions. The 465, 607 and 
608 keV transitions are measured to have a half-life of T i/2 =  16.1(8) ns and the 447, 
527 and 544 keV transitions are measured to have a half-life of T 72 =  18.0(28) ns. 
It will be in the next section, where the proposed decay scheme is discussed, that 
there are most likely two isomers in the present work. The degree of population of 
the higher-lying isomer (measured by the 447, 527 and 544 keV transitions) is small 
enough tha t it has no significant impact on the measurement of the lower, which was 
fitted as a single pure exponential decay curve.
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Figure 6.62: Gamma rays associated with 198Os following implantation using the SR 
devices. Top: gamma-ray single events. The left inset decay curve arises from the 
465, 607 and 608 keV transitions, the right from the 447, 527 and 544 keV. M iddle: 
gamma rays observed in the range At =  10 — 100 ns in events where a 465 keV 
transition has already been observed in the same time range. B ottom : gamma rays 
observed in the range At =  10 — 100 ns in events where a 607 keV transition has 
already been observed in the same time range.
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Interpretation
For this nuclide, level energy systematics have been used to shed light on the pos­
sible decay for the observed transitions. The comparison here is drawn with 200P t [54], 
which has 2 protons more than 198Os. The 200P t level scheme taken from reference [54] 
and the suggested level scheme for 1980 s  are both shown in figure 6.63.
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Figure 6.63: The interpreted 1980s decay scheme and comparison with the scheme 
of 200Pt [54,98,99]. The widths of parallel 7 -ray transitions are indications of the 
transition intensities.
Two isomers have been observed in 198 Os, one feeding the other. The first excited 
state in 200Pt, a 470 keV transition, is close in energy to the strong 465 keV transition 
observed in the current work. The parallel decay branches from the 77r =  (5_) state, 
when summed, are consistent with the intensity of the 465 keV transition and are also 
observed in coincidence with the decay of the first excited state. This is analogous to 
the decay cascade from the 200P t 77r =  (5)_ isomer down to the 77r =  2+ state. In 
the proposed 198Os case however, there is an additional transition as the 886 keV E2  
transition also competes in decaying from the 77r =  (4J ) state.
In 200P t a second isomer (at 77r =  (12+)) is observed. The 447, 527 and 544 keV
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transitions in the current work are the possible analogs of this cascade. Their observed 
intensities are significantly smaller than those of the transitions from the lower-lying 
isomer. This interpretation requires th a t an unobserved, low-energy transition depop­
ulates each of the two observed isomers. A precautionary note is made in tha t the 
two measured half-lives (Tî/ 2 =  16.1(8) ns for / 7r =  (5“ ) and Ti/2 =  18.0(28) ns for 
77r =  (12+)) are equal, within experimental uncertainties.
Iso m eric  R a tio s
Limits have been placed on the isomeric ratios of these two isomers (see Ta­
ble 6.27). For the 447 and 527 keV transitions of the I* =  (12+) isomer, it is assumed 
th a t the conversion coefficients are zero. Only the (F  — F) charge state has been 
considered as K a is unknown, this has an affect on the (F — H) in-flight decay rate.
For the / 7r =  (12+) isomer the minimum isomeric ratio (i.e. assuming 100 % 
isomer transmission) is O.4+  ^ %. For the I* = (5“ ) isomer this limit is 5.4+^ %.
At the other extreme, if an isomeric ratio of 100 % is assumed, the minimum 
internal conversion coefficients would be a  =  1.7 and 0.95 for the 77r — (12+) and (5“ ) 
states, respectively. This corresponds to a maximum decay transition energy of 150 keV 
for the 77r =  (5- ) isomer. A maximum of 250 keV is determined for the 77r =  (12+) in 
the present work, it is assumed tha t higher-energy transitions would have been directly 
detected during the experiment.
Table 6.27: Minimum isomeric ratio of the 77r =  (5“ ) and (12+) isomers in 1980s.
This assumes that the 447 and 527 keV transitions have zero internal conversion.
C h arg e  s ta te Iso m eric  ra tio  (% )
771 =  (1 2 +)
Fully stripped —> Fully stripped >  0A±l
I*  =  (5 - )
Fully stripped —» Fully stripped > 5 .4 îg
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6.5.19 197Os
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p la n te d
203 Jr Fully stripped —» Fully stripped 50,568
i"O s Fully stripped —> Fully stripped 74,154
192W Fully stripped —» Fully stripped 9,537
i"O s Fully stripped —» H-like 5,186
192W Fully stripped H-like 18,677
H-like —> Fully stripped 562
E x p e rim e n ta l In fo rm a tio n
The current work represents the first reported spectroscopic information of states 
in 1970s. The 7 -rays observed in association with the implanted 1970 s  nuclei are shown 
in figure 6.64.
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Figure 6.64: Gamma rays associated with 197 Os following implantation using the 
SR devices. Top: gamma-ray single events. The inset decay curve arises from the 
416, 487 and 629 keV transitions. B ottom : gamma-rays observed in the same event 
as either a 204, 416, 487 or 629 keV transition, where these transitions and those 
plotted in the spectrum are all observed in the time range At =  10 —> 470 ns following 
implantation.
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Transitions have been observed at 204, 416, 487 and 629 keV. The isomer half- 
life has been fitted using the three highest energy transitions, and is measured to  be 
Ti/2 =  78.2(66) ns. As shown in figure 6.64 (bottom), all of the four transitions are 
observed to  be in mutual coincidence.
Iso m eric  R a tio
It is assumed tha t all of the observed transitions from a single cascade, and for 
the purposes of the isomeric ratio determination, it is also assumed tha t the internal 
conversion branch of all of these transitions is zero. It is not clear from the current work 
whether one of the observed transitions is emitted from the isomer directly, or if there 
is a low-energy unobserved transition (if the transition exists it likely has an energy 
E 7 < 250 keV). When measuring the isomeric ratio assuming zero in-flight decays and 
tha t the internal conversion coefficient of the observed decays is zero the isomeric ratio 
is found to be 0.6lJ % for the (F — F) charge state, this is shown in Table 6.28
Table 6.28: Range for the isomeric ratio of the isomer in 1970s. This assumes zero 
internal conversion of the observed transitions and 100 % transmission of the isomer.
C h arg e  s ta te Iso m eric  ra tio  (%)
I™ =  u n k n o w n
Fully stripped —> Fully stripped > 0 .6 5
6.5.20 193Os
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p la n te d
206Hg H-like —> Fully stripped 1,810
203j r H-like —» Fully stripped 243
E x p e rim e n ta l In fo rm a tio n
The isomer observed in the present work has not been reported in previous studies 
of this nuclide [136,137]. The current findings are shown in the spectrum shown in
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figure 6.65. There is single transition observed at 242 keV, it has a measured half-life 
of =  132(29) ns.
> 1 0 = 132 (29) nsAt = 25 - 350 ns 1/2CM
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Figure 6.65: Gamma rays associated with 193 Os following implantation using the 
SR devices. The inset decay curve arises from the 242 keV transition.
Isom eric  R a tio
A limit has been placed on the isomeric ratio of the isomer in 193Os. This mea­
surement assumes 100 % transmission of the isomer, an internal conversion coefficient 
of zero for the 242 keV transition and a branching ratio of 100 %.
Table 6.29: Minimum limit on the isomeric ratio of the isomer in 1930s, assuming 
100 % transmission of the isomer, an internal conversion coefficient of zero for the 
242 keV transition and a branching ratio of 100 %.
C h arg e  s ta te Iso m eric  ra tio  (%)
J 71- =  u n k n o w n
H-like —» Fully stripped >  7 .3ÎS
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6 .5 .2 1  196R e
S e ttin g C h arg e  s ta te N u m b e r o f  nuclei im p la n te d
203Jr Fully stripped —» Fully stripped 5,049
20208 Fully stripped —» Fully stripped 144
192W Fully stripped —» Fully stripped 7,233
192W Fully stripped —> H-like 1,590
185W Fully stripped —» H-like 354
E x p e rim e n ta l In fo rm a tio n
Only one previous work has experimentally measured 196Re [135], this observed 
only the ground state, assigned a spin-parity of 77r =  1+ or 2~. The current work 
has observed rhenium X-rays associated with this nuclide, indicating the presence of a 
highly converted transition from a decaying isomer (see figure 6 .66).
1  4 0
0 3 0
^ 2 0
1  10o
°  0 2 5 0  5 0 0
Ey (keV)
Figure 6.66: Gamma rays associated with 196Re following implantation using the 
DGF devices. The inset decay curve arises from the 61 keV X-rays.
The half-life associated with the decay of the X-rays is Ti/ 2 — 3.6(6) fis. As only 
X-rays have been observed there has been no attem pt to determine an isomeric ratio 
for the isomer in this work.
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6.5.22 191W
S e ttin g C h arg e  s ta te N u m b e r o f nuclei im p lan ted
1990S
192W
192w
185Lu
203j r
1990S
Fully stripped 
Fully stripped 
Fully stripped 
Fully stripped
Fully stripped 
Fully stripped 
H-like 
H-like
H-like
H-like
Fully stripped 
Fully stripped
25,988
5,737
913
1,741
599
1,484
E x p e rim e n ta l In fo rm a tio n
The current results are the first reported experimental measurement on excited 
states in 191W. The 7  rays associated with the implanted nuclei are shown in the 
spectrum in figure 6.67. Transitions are observed at 67 and 168 keV, along with strong 
K a and Kp X-rays. The measured half-life of the isomer is Ti/ 2 =  0.36(2) //s. It is not 
possible to balance the intensity of the two observed 7  ray transitions when assigning 
them any combination of multipolarities. It is possible tha t there are unobserved 
transitions. Due to this, the branching ratios are unknown. It is not clear by what 
proportion each transition is responsible for X-ray emission.
I  8 0
o  6 0
5" 4 0
5 20
O  0
0 2 5 0  5 0 0
Ey (keV)
Figure 6.67: Gamma rays associated with 191W following implantation using the
DGF devices. The inset decay curve arises from the X-rays and the 67 keV transition.
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6.5.23 189Ta
S e ttin g C h arg e  s ta te N u m b e r  o f nuclei im p lan ted
192W Fully stripped —» Fully stripped 7,539
185Lu Fully stripped —» Fully stripped 1,011
185Lu Fully stripped —>H-like 558
E x p e rim e n ta l In fo rm a tio n
Previously there has been a measurement of the ground state of 189Ta, which 
was assigned a spin-parity of I* =  (7/2") [138]. The findings of the current study are 
presented in figure 6.68 (top). Transitions have been observed at 154, 284, 343 , 389 and 
482 keV. Fitting the decay curve of the 389 and 482 keV transitions a half-life of =  
0.58(22) fis is deduced for the isomer. Gamma ray 7 -7  coincidence measurements have 
been performed for transitions detected in the time range A t =  0.2 —► 6.5 /is following 
implantation and arriving within 1 /is of one another. Figure 6.68 (bottom) shows 
7  rays observed in coincidence with the 154, 284, 343, 389 or 482 keV transitions; each 
of these transitions is observed to be in tentative coincidence.
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Figure 6.68: Gamma rays associated with 189Ta following implantation using the
DGF devices. Top: gamma ray singles events, the inset decay is from the 389 and 
482 keV transitions. B ottom : gamma-gamma coincidence for transitions observed 
in the range A t = 0.2 —> 6.5 fis and detected within 1 fis of either a 154, 284, 343, 
389 or 482 keV transition.
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Iso m eric  R a tio
Assuming 100 % transmission; no intenal conversion in the observed decays and 
using only the 389 and 482 keV transition to get the yield, a limit on the isomeric ratio 
has been estimated, this is 2 .2+g % for the (F — F) charge state (see Table 6.30).
Table 6.30: Isomeric ratio of the isomer in 189Ta. This uses only the 389 and 482 keV 
transitions and assumes they have branching ratios of 100 % and internal conversion 
coefficents of zero.
C h arg e  s ta te Iso m eric  ra tio  (%)
J 71- =  u n k n o w n
Full —> Full 2 .2+1
6 .6  A Summary of the Observed Isomers
Details of the discussed isomers are given in Table 6.31. An effort has been made 
to highlight values which are subject to assumptions or specific conditions, in all of 
these cases a full explanation can be found in the previous discussion of the concerned 
isomer. The uncertainty on 7 -ray energy measurements is considered to be ~  0.5 keV, 
this is understood through the accuracy of measurements on calibration data.
Table 6.31: A summary of the 7 -spectroscopy investigations.
E 7 (keV )° V OL^OT olk c B R T 1/2d i r  ( % y
206T1, I 77 =  (5 + )
265.4 89(6)/ 0.160 0.086 Ie 71(4) ns* (H-fle)14.2Î32
452.9 90(6) 0.011 0.009 0.93(6)=
685.8 100(7) 0.014 0.011 Ie
Continued on Next Page.
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Table 6.31 -  Continued
E7  (keV)a 4 " a T O T olk c BR T1/2d I R ( % ) e
2 0 6 Hg, I 77 =  ( 1 0 +)
100.9 1 (0 )/ 5.660 0.610 0.79(5) 112(4) nsff (F-F)l-9l6
363.4 2 1 (1 ) 0.062 0.040 1 (F-/f)2.5li0
1156.3 28(1) 0 . 0 0 2 0 . 0 0 2 1
1257.2 8 (1 ) 0.008 0.007 0.21(5)
2 0 6 Hg, I *  =  5~
1033.7 1 0 0 (2 ) 0.013 0 . 0 1 1 2.09(2) /as* (F-F)21.9l28
1068.0 99(2) 0.005 0.040 1 (F-fl") 21.8129
2 0 5 Hg, J" =  (23/2" )
227.6 8 (1 ) 0.054 0.044 0 .1 2 (2 ) 5.89(18) /zs* (f - f)3.31J
722.6 1 1 (1 ) 0.004 0.004 1 (F-H)3.3l5
810.0 100(3) 0.023 0.016 1
950.2 87(3) 0.007 0.005 0 .8 8 (2 )
2 0 5 Hg, I *  =  13/2+
49.0C - 0.600 0 . 0 0 0 0.19C 1.09(4) msc (F-F) 19.3+34
161.4C - 12.03 8.580 0.58(6)" (F—H) 21 • 6 I 4 7
2 1 0 .3C - 2.710 0.407 0.42(5)c
378.9 37(2) 0.055 0.036 Ie
467.5C - 0.116 0.095 Ie
878.8^ - 0.008 0.006 0.06(l)c
967.0 1 0 (2 ) 0.018 0.015 0.94(2)c
1014.7 33(2) 0.006 0.005 0.81c
2 0 4 Hg, I ” =  (14+)/*
422.? 35(7) - - - 2 0 (2 ) ns* -
597.2 100(14) - - -
608.6* 2 0 (6 ) - - -
964.8 61(14) - - -
1013.9 30(10) - - -
Continued on Next Page...
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Table 6.31 -  Continued
E 7 (keV )a 4 " O^TOT olk c B R T \/2 d I R  (% )e
204H g, I ” =  7~
109.7C j 0.338 0.270 1 6.7(5) nsc -
436.6 59(10) 0.038 0.027 1
691.8 36(9) 0.038 0.027 1
1067.7 36(10) 0.013 0.010 1
203H g, jT =  (1 3 /2 + )
341.0 57(2) 0.937 0.720 1 21.9(10) jus* (H-H)  14.2Î20
591.1 100(3) 0.018 0.014 1
205A u, J 7r =  (1 9 /2 + )
34.2 0f 855.0 0 0.89(2) 163(5) ns 9 {F-F)7.7±%
243.4 4(0)/ 0.622 0.511 0.19(2) (F-H)7.6lî2
736.9 42(2) 0.033 0.027 1 (F-Jfe)4.2lg
928.3 24(2) 0.003 0.002 0.15(1)
946.1 100(3) 0.006 0.005 1
962.5 100(5) 0.002 0.002 0.63(1)
962.5 19(5) 0.015 0.011 0 .11(2 )
980.2 25(2) 0.016 0.013 0.81(2)
1171.5 34(2) 0.002 0.001 0 .22 (1)
204A u, I*  == u n k n o w n
96.9* 20 (8) - - - 2.1(3) //s* -
276.6* 32(10) - - -
427.0* 15(7) - - -
704.4* 34(14) - - -
839.0 100(15) - - -
976.6 93(15) . - - -
203A u, 1 ^ == u n k n o w n
562.8 100(6) - - - 140(44) fis9 (F-F)2.5i30
Continued on Next Page...
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Table 6.31 -  Continued
E7  (keV)° V t-^TOT CX-K B R ï V I R  (% )e
202A u, 1»  = u n k n o w n
137.8/ 2 1 (6 )/ - - 13.1(5) nS9 -
414.2 100(5) - -
2 0 1  Au, r *  - u n k n o w n
378.2 58(17) - - ~  102 [is9 -
638.0 100(34) - -
2 0 4 P t, I* =  ( io + )
96.1 1.8(3)/ 5.670 0.727 0.83(2) 146(14) ns9 (F -F )8 .7 i28
1060.8 20.7(11) 0 . 0 0 2  0.002 1 (F—i/) 0*7+36
1157.5 3.7(5) 0.009 0.007 0.17(2)
2 0 4 P t, J7r =  (7 " )
<78.4 o/ >  13.6 0 1 55(3) jus9 (F_F)27,6±^
(F-iî) 26.3 +9 }
2 0 4 P t, I* =  (5~)
872.4 1 0 0 (2 ) 0.007 0.006 1 5.5(7) jus9 (F-F) 42+20
1122.7 97(2) 0.010 0.007 1 (F-F) 39^20
2 0 3 P t, I *  = u n k n o w n
1104.0 1 0 0 (8 ) - - 641(55) ns9 -
2 0 2 p t , r 7 =  7~
534.3 95(2) 0 . 0 2 1  0.016 1 141(7) jus9 (F—F) 12.0+jy
534.3 95(2) 0.065 0.039 1 (F—H) 12.0+J4
718.8 100(3) 0.011 0.009 1 (F-Fe)H-5Î26
2 0 1 P t, I *  = (1 9 /2 + )
<  140 - > i . y 1 18.4(13) ns9 (F-F) >  3.6+ ^
353.6 76(6) 0.018 0.015 1 (F—H) > 3.8 + ^ 9
373.9 80(5) 0.053 0.036 1
726.9 1 0 0 (6 ) 0.011 0.084 1
Continued on Next Page...
6.6 A SUMMARY OF THE OBSERVED ISOMERS 176
Table 6.31 -  Continued
E7  (keV)° V rv cT O T OLk C BR T ip p  i r (% y
2 0 0 P t, I ” =  ( 1 2 +)
<  121 - > 2 .y - 1 13.9(10) ns9 ( F - F )  > 1-91 h
318.4 16(2) - - 1
542.5 17(2) - - 1
708.6 22(3) 0.011 0.009 1
2 0 °p t, r =  ( n
<  90^ - > 7 . # - i 17.0(5) ns9 ( F _ F ,  > 1 .9 l} f
298.9 8 (2 ) 0.027 0.022 0 .2 2 (6 )
397.5 8 (2 ) 0.150 0.124 1
401.0 8 (2 ) 0.044 0.030 1
463.6 72(3) 0.010 0.008 0.78(6)
470.1 87(3) 0.029 0.021 1
633.0 100(4) 0.014 0.011 1
1 9 9 P t, I 77 = u n k n o w n
318.9 84(19) - - - 18.6(34) ns9 (F_H) >  5 . 4 l |
419.6 86(15) - - -
597.4 100(15) -  ' - -
1 9 8 P tz, I*  = (12 ) ( T i / 2 = 3 6 (2 )  nsc) a n d  I 77 =  ( 7 ~ ) ( t 1/2=3.4(2) nsc)
382.0 54(16) 0.015 0.013 1 See line above
407.2 100(29) 0.042 0.029 1
577.8 65(25) 0.018 0.013 1
1 9 7 P t, I 77 = u n k n o w n
374.5 100(12) - - - 10.2(13) ns*7 -
432.2 72(14) - - -
546.9 6 6 (1 2 ) - - -
Continued on Next Page...
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Table 6.31 -  Continued
E 7 (keV )a I y b c 4 o t  a K c B R T 1/2d I R  (% )e
203I r ,  I*  =  (2 3 /2 + )
207.0^ 18(8) 3.99 2.98 1
841.3 73(21) 0.007 0.006 1 
894.7 100(25) 0.007 0.005 1
798(350) ns* ( f_ f)4 .7 l^
202I r ,  I *  =  ( 1 1 - )  o r (1 2 +)
311.5 41(13)
655.9 54(17)
737.2 100(29)
889.2 51(17) -
967.6 44(15)
3.4(6) fis9 ( f - f )0 .7 Î2
201I r ,  I 71 =  u n k n o w n
< 250
439.6 39(9) - - -
452.0 51(9) - - - 
680.9 100(13)
10.5(17) ns* (r_ f) >  2.7±^
200I r ,  I™ — u n k n o w n
< 250^
120.0 30(2) - - l h
17.1(12) ns* (r_ r) >  3 .51^ :
200Ir, / 7r =  u n k n o w n
< 250^  - - 
126.6 100(3) - - l h
28.5(15) ns* >  6 .4 ± ^
199Ir, J 71- =  u n k n o w n
< 250/l -
448.5 100(7) - l h
500.2 67(5)
500.2 14(1) -
547.2 82(7)
596.6 38(6) - - -
9.1(4) ns* { F - F )  > F 6 tll
Continued on Next Page...
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Table 6.31 -  Continued
E 7 (k eV )° V
z^y C
TOT a K c B R T y 2d I R  (% )e
198I r ,  7 7r = u nknow n
116.4 100(17) 0.273 0.220 1 73(11) nsff (F—F)4.3+33 
(-F1—iî)6-5+43
195I r , I *  = unknow n
268.4 76(19) - - l h 4.4(6) fis9 (F-F) 1-i l s
404.4 90(30) - - l h
476.7 61(28) - - l h
537.8 96(29) - - 1 l h
566.7 100(30) - - l h
199O s, I 77 = unknow n
379.3 57(18) - - - 25.2(20) ns* ( F - F )  >  1-4^7
401.8 100(19) - - -
424.8 49(13) - - -
736.5 47(25) - - -
970.6 48(28) - - -
198O s, I 77 =  (12+ )
- - < 2 5 0 - 1 18.0(28) ns* (F-F) >  0.4^2
446.8 11(2) - - 1
526.9 10(2) - - 1
544.0 6 (2) 0.019 0.014 1
198O s, I 77 =  ( 7 - )
<  150 - < 4 0 0 - 1 16.1(8) ns* ( F - F )  >  5 . 4 1 2 5
329.9 27(3) 0.209 0.174 1
412.1 16(3) 0.012 0.010 0.14(3)
465.4 100(4) 0.028 0.020 1
473.1 13(2) 0.026 0.020 1
607.3 80(4) 0.015 0.011 1
608.2 80(4) 0.005 0.004 0.70(3)
885.6 19(3) 0.015 0.011 0.16(3)
Continued on Next Page...
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Table 6.31 -  Continued
E 7 (keV )° 4 " ^TO T Qt-K B R T 1/2d I R  (% )e
197O s, J*  = u n k n o w n
<  250* - - 1 78.2(66) ns* {F-F)  >  0.6ig
204.4 95(13) - - 1
415.9 92(9) - 1
486.5 100(10) - 1
628.8 96(11) - 1
195O s, I *  = u n k n o w n
<  250 - >  0.1 1 34.0(23) ns* {F-F)  >  2.4ig
438.6 100(11) - 1 {F—H) >  2.3ig
493.0 73(10) - 1
533.1 73(10) - 1
714.0 90(12) - 1
193O s, I *  = u n k n o w n
242.0 100(26) - - 132(29) ns* {H—F) >  7.3^41
196R e, I 71 = u n k n o w n
- 461(90)™ - - - 3.6(6) /is* - '
194R e, J "  = u n k n o w n
86.3 100(25) - - 45(18) /zs* -
193R e, I 77 = u n k n o w n
145.2 100(11) - - 65(9) f i s9 (r-f) 18.91^^ 
(r_^)12.9±^^
192R e, I 77 = u n k n o w n
- - - 85(10)/zs* . (F-F)3.5l7
159.3 100(9) - - (F -n)2 .4 li9
Continued on Next Page...
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Table 6.31 -  Continued
E 7 (keV )° ol^,o t  olk c B R T i/2d I R  (%)=
191R e, J 7r =  u n k n o w n
134.5 42(11) - 77(33) ^  -
139.9 40(11) - -
158.3 57(13) ■ - - -
224.6 100(19) - - - -
418.5 65(18) -  -
443.7 42(15) - - - -
191W , / 7r =  u n k n o w n
67.5 100(10) - 0.36(2)jus *
167.4 10(5) - -
190W
See future publications by G. Farrelly of the University of Surrey
1 8 9 Ta, J 77 =  u n k n o w n
153.9 100(19) -  -  - 0.58(22) ^  ( r_ f)2 .2 ^
283.7 73(17) -  - -
342.5 47(13) -  -  - -
388.7 80(19) -
481.6 97(21) - -
1 8 8 Ta, I *  =  u n k n o w n
291.9 100(7) 0.090'“ 0.060'* 1 3.5(4) iiss ( f - f )7 .9 Î? 5
( F - H ) I - S I I y
° Transition energy as measured in the current experiment unless otherwise stated. 
bEfficiency corrected, not o c t o t  corrected; arbitrarily normalised per n u c l i d e .  
c Value not currently measured. Either it is calculated or taken from published measurements. 
d These are the half-life values used in the IR measurement. 
eFeeding from higher lying isomers is included in the quoted value, 
f  Measured intensity appears reduced due to the Ge walk effect.
9 The half-life of the isom er as it has been currently measured. 
h This value is particularly uncertain.
1 The existence of the transition is questionable.
9 Value inferred by assuming I R  =  100 %. 
kAssumes zero direct population of the I* =  (7~) isomer.
1 For readability, only the directly observed transitions have been listed. 
rnThis is the t o t a l  (not normalised) internal conversion intensity.
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6.7 A Summary of Measured Isomeric Ratios
Nine of the presently measured isomeric ratios have previously been measured by 
Caamano et al. [54]. Table 6.32 shows a comparison of the isomers tha t have had their 
isomeric ratios measured in both works. In all cases, except for the isomer in 188Ta, 
the presently reported value is less than the values reported by Caamano et oZ. [54]. 
The differences between the reported values are significant. At this point in time there 
are no other experimental reports on the isomeric ratios studied in this thesis.
Table 6.32: Comparison of isomeric ratios for the present and the previous report by 
Caamano et al. [54].
N uclide: I* C u rre n t IR  (%) C aam an n o  e t al. IR  (% )
203Au: unknown 2.5îîo >  1
202Pt: (7") > 11.8^ > 1 5
201 Pt: (19/2+) >  3 .7 iJ | > 3 2
200Pt: (12+) >  1.91JI > 4
198Ir: unknown 5 .U S 191^
195Os: unknown > 2 .4 5 > 1 3
193Re: unknown 15.91^ (£2) or 2 .4 i | (M2) > 1 9
192Re: unknown 3 .o i?0 2 1 ± f
188Ta: unknown 7.955 0 .5 5
There is concern over the manner by which Caamano et al. handled the in-flight 
internal conversion of H-like nuclei. In the opinion of the author the previous work 
over estimated the influence on isomer decay rates by the presence of a single K-shell 
electron, this may explain the discrepancy between the two reports on the isomeric 
ratios. It is also noted tha t (for the cases where the comparison is applicable) the 
isomeric ratios obtained by Caamano et al. [54] are suspiciously large when compared 
to current theoretical predictions [139], however it must further be noted tha t there 
are few experimental results by which the predictions have ever been tested.
A comparison of the isomeric ratios measured in this work with current theoretical 
predictions is not arbitrary. The abrasion-ablation approach published by de Jong et
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a l [139] and applied by Gladnishki et a l [4] in a previous, similar study is not applica­
ble to secondary beam fragments, which are approximately AA <  10 from the primary 
beam. In these cases the assumptions regarding the ablation phase of the reaction 
break down to an unworkable degree. Alternative approaches consider the individual 
knockout of nucleons [140] and require computational power demanding shell model cal­
culations along with an understanding of the (often numerous) channels for populating 
the nucleus through one of more step fragmentation reactions. Theoretical predictions 
from this approach for up to mass A ~  50 nuclei [141] have been published; the in­
creasing density of excited states for heavier nuclei complicate predictions, presently 
no direct predictions have been reported in the literature.
Where possible, for the isomers measured in this work, two spectra summarising 
the measured populating capability of the fragmentation reaction are shown in the 
spectra in figure 6.69. One spectrum shows the relationship between the isomeric ratio 
and spin of the isomers and the other shows how the isomeric ratio is related to the 
number of nucleons removed during the fragmentation reaction.
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Figure 6.69: Summary of the measured isomeric ratio information. Top: the rela­
tionship between the isomeric ratio and spin of the isomers measured in this work. 
B ottom : the relationship between the isomeric ratio of isomers and the number of 
nucleons removed from the nucleus during the fragmentation reaction.
Chapter 7 
Concluding Rem arks
7.1 Nuclear Structure
The aim of this investigation was threefold. The primary goal was to make 
experimental measurements of neutron-rich nuclei at Z  <  82 and N  < 126. This 
was in order to expand scientific knowledge of nuclear structure. The present study 
has succeeded in measuring X- and 7 -ray emissions from nuclei following the decay 
of 47 isomers, 27 of which have been discovered in this work; these are distributed 
among 40 nuclides. Of these nuclides, 16 have had no experimentally measured excited 
states prior to this work1 and for 8 more this study has made the first measurement 
of a particular isomeric decay, the remaining 17 nuclides have had previously reported 
isomers re-measured, often bringing new structural information to light. Returning to 
the nuclear chart of figure 1.1, an updated version is now presented in figure 7.1. Now 
only previously observed isomers, which have been detected in the present experiment 
and the newly discovered isomers in the current work are displayed.
The key nuclear structure highlight in this investigation is the discovery of isomers 
at iV" — 126, including the nuclides: 205Au, 204P t and 203Ir, all of which are lower in Z  
than any previously reported excited states in an iV =  126 nucleus. This information on 
excited states of singly-magic nuclei is invaluable in testing and improving shell model 
predictions of nuclei. The current state of the shell model calculations have been seen to 
fail to reproduce the experimentally determined decay scheme for 204Pt. From this some 
simple modifications have been suggested to improve the model, including adjustments
1This includes 199Ir, as the previously observed isomer [54] is now discounted
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to the diagonal ( ^ 3 / 2 ^ 1 1 / 2 ) 7 -  and the non-diagonal ( S 1 / 2 / & 1 1 / 2 ;  ^ 3 / 2 ^ 1 1 / 2 ) 6 -  two-body 
matrix elements and a change to the 51/2^5/2 monopole strength. These changes have 
been shown to improve agreement between the theory and the experimental data for 
the 204P t and 206Hg cases.
Further to  the interpretation of singly-magic decay schemes, the dozens of isomers 
observed at <  126 offer diverse benefits. They have importantly tested and in 
most cases confirmed the results of the previous study by Caamano et al. [54], which 
was often the only previous investigation of the nuclide. Secondly, nuclear structure 
has been interpreted through shell model calculations and regional systematics. The 
measured 7 -ray transition energies are critical tags; these will act as the foundations of 
future studies, which will rely on the presence of at least one characteristic transition 
to identify the nuclei of interest.
7.2 Reaction Studies
The populating capability of the fragmentation reaction has been tested for 34 of 
the isomers. Of particular importance is the measurement of the isomeric ratio of the 
206Hg isomers. From a theoretical perspective it is possible to model this reaction micro­
scopically, making the experimental result a unique tool for reaction modelling [140]. 
All of the obtained isomeric ratio information is valuable for determining the spin- 
energy population capabilities of nuclear fragmentation. It also provides a useful guide 
for estimating yields of excited states when planning future fragmentation experiments.
7.3 The Broader Motivations
Some progression toward both N  — 126 shell quenching and the astrophysical 
r-process is made as a result of this study. As stated regarding the nuclear structure 
findings, the present study has populated three Z  < 82, N  = 126 nuclides, which were 
previously beyond measure. In addition, 202Osi26 has been identified in the current 
work. This leap towards long-term goals of nuclear physics does not yet allow for 
specific insights regarding shell quenching. This work provides experimental evidence 
for the persistence of the N  = 126 neutron shell closure for at least five holes in 
the Z  = 82 proton shell closure. The improvement to scientific understanding of
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the r-process is more tangible. The shell model corrections from the experimental 
findings on 204P t will influence the predicted ground state configuration of waiting point 
nuclei [142], this has a direct influence over /3-decay half-lives and hence the abundance 
of the heaviest stable nuclei. The RISING collaboration aims to continue the study 
of iV =  126 nuclei with experimental work focused on observing the structure of low- 
lying 202Os excitations. In future, when enough additional experimental information is 
gathered for this region of nuclei, and the shell model two-body m atrix elements will 
be fitted to the data  (rather than manually modified as they are currently). Following 
this, it will be possible to substantially improve upon current network calculations.
7.4 The Future Outlook
It is im portant to emphasise tha t for all of the investigations presently made, 
in no case has the multipolarity of transitions been unambiguously measured. There 
are a number of instances where the interpretation of decay schemes is robust, but 
spins and parities of states are not directly measured. In addition only the half-lives 
of isomeric states have been measured. All the transitions following isomer decay have 
been grouped as “prom pt” , their individual half-lives are not known. On a related 
timing issue, the order of transitions not separated by an isomer is not ever measured 
or proved.
Readers may have noticed tha t a common issue with interpreting decay schemes 
and especially with measuring isomeric ratios are low-energy transitions, which are 
often the isomer-depopulating transition. It will be im portant in the future to approach 
this issue if a full understanding of the nuclear structure is to be reached.
There are several avenues for expanding on the current findings. The use of detec­
tors with higher timing resolution is one solution to refining the nuclear decay schemes. 
Characteristically detectors with higher timing accuracy forgo energy resolution, such 
as LaBr3 (Cs); energy resolution is no longer a paramount issue, as transition energies 
have already been measured. In a similar manner, using detectors tha t are sensitive 
to lower energies will be of great use in directly observing the numerous low-energy 
transitions. In fact, simply solving the efficiency issues encountered with the SR and 
LR devices would be of great benefit; over half of the findings required the use of the 
SR timing branch. The reduced efficiency has been a continuing issue during analysis.
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For the less exotic nuclei, transfer reactions may now be able to perform studies since 
7 -ray transitions have been identified.
In this work there are no instances where the isomeric ratio of an isomer has 
been measured to be different for differring in-flight charge states. Section 2.6.3 de­
tailed previous results on how the internal conversion coefficient may change for highly 
stripped ions [35,36], it also detailed the parallel case of electron capture [37,38]. The 
results of the work presented in this thesis are not sensitive to perturbations of internal 
conversion coefficients for highly stripped ions. In principle however the experimental 
method is capable of detecting these perturbations. It would be interesting in future to 
measure the isomeric ratio of multiple charge states of highly converted isomers (with 
half-lives comparable to, or shorter than, the flight time). These states must have 
isomer-depopulating transitions with energy greater than the K-shell electron binding 
energy. If the uncertainty on the measurements can be suitably reduced, then the 
author believes tha t the isomeric ratio param ater will be a helpful tool for studying 
variations to internal conversion rates for highly stripped ions, supplementing existing 
methods [35-38].
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